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Under  this  AFOSR  contract,  resonant  CAR§Vof  OH  has  been  observed  for  the  first 
time.  Resonant  CARS  was  achieved  for  several  different  electronic  transitions 
in  the  ultraviolet  A — X  bands  of  OH  in  a  me  thane/oxygen  flame.  Saturation 
of  the  resonant  CARS  spectrum  of  OH  was  examined  experimentally  and  definite 
evidence  found,  both  in  the  intensity  variation,  and  the  number  and  shapes  of 
the  lines.  Concurrently  with  the  experimental  studies,  a  good  understanding 
of  the  theoretical  aspects  of  the  resonant  CARS  process  has  been  secured,  to 
the  extent  that  predicted  resonant  CARS  spectra  can  be  computer  synthesized 
and  graphed  for  any  selected  excitation  frequency.  A  major  departure  from 
theoretical  predictions  was  the  experimental  observation  of  satellite  lines 
about  the  central  line,  not  predicted  from  theory.  At  present,  the  cause  of 
these  extra  resonances  has  not  been  determined,  but  their  appearance  may  arise 
from  saturation  effects,  or  be  caused  by  an  undetermined  nonlinear  optical 
effect  (such  as  dephaslng-lnduced  coherences).  Another  contributing  factor 
may  be  rotational  energy  level  transfer  brought  about  by  collision  processes, 
occurring  within  the  duration  of  the  10  nanosecond  laser  pulse.  Through  the 
use  of  the  resonant  CARS  spectrum,  a  preliminary  study  of  thevariation  of  OH 
concentration  was  carried  out  as  a  function  of  the  height  of  this  CARS  probe 
volume  in  the  flame.  This  semi -quantitative  experiment  demonstates  that 
resonant  CARS  offers  potential  for  measuring  the  concentration  of  OH  in 
combustion  environments,  even  for  the  saturated  case. 
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OBJECTIVES 


Coherent  anti-Stokes  Raman  spectroscopy  (CARS)  is  a  proven  diagnostic  for 
fundamental,  research  scale  studies,  as  well  as  application  to  large-scale, 
working  devices  in  divers  fields  ranging  from  combustion  to  chemical  lasers 
and  chemical  processing.  CARS  offers  a  remote,  non-perturbing  method  for 
accurately  measuring  temperature  and  species  concentration  with  excellent 
spatial  and  temporal  resolution.  However,  conventional  CARS  is  limited  to  the 
detection  of  major  species,  1  X  or  greater,  at  one  atmosphere;  unfortunately, 
radical  concentrations  are  typically  0.1  Z  or  less.  An  additional  problem, 
specific  to  OH,  is  that  there  is  spectral  Interference  with  the  water  CARS 
spectrum  which  overlaps  the  OH  CARS  spectrum. 

The  major  goal  of  the  this  program  has  been  to  determine  if  the  highly 
successful  and  convenient  CARS  diagnostic  methods  can  be  extended  to  the 
measurement  of  minority  species  such  as  radicals.  The  OH  radical,  so 
critically  important  to  combustion  chemistry,  was  chosen  for  study.  The  means 
of  achieving  the  necessary  sensitivity  proposed  was  to  employ  resonant  CARS. 
Electronically  resonant  CARS,  or  simply,  resonant  CARS,  is  achieved  when  one 
(or  more)  of  the  three  CARS  frequencies,  the  pump,  the  Stokes,  or  the  CARS 
anti-Stokes  frequency.  Is  chosen  to  be  resonant  with  an  electronic  transition 
of  the  molecule  under  investigation.  When  this  electronic  resonance  condition 
is  satisfied,  enhancement  factors  of  several  orders  of  magnitude  may  be 
obtained,  which  in  turn  should  permit  the  detection  of  minority  species,  such 
as  ions,  atoms,  and  radicals,  like  OH. 

Under  this  contract,  the  first  observation  of  resonant  CARS  from  OH  has  been 
made  in  a  methane /oxygen  diffusion  flame,  under  varying  conditions,  for 
several  different  choices  of  the  electronic  resonant  frequency  in  the  X  —  A 
bands.  Concurrently  with  the  experimental  studies,  a  good  understanding  of 
the  theoretical  aspects  of  resonant  CARS  has  been  gained,  so  that  predicted 
resonant  CARS  spectra  can  be  computer-synthesized  and  plotted.  A  rather 
complete  description  of  these  experimental  and  theoretical  results  can  be 
found  in  Ref.  1.  A  more  abbreviated  account  is  given  in  Ref.  2.  Both  of 
these  papers  are  attached  to  this  report  as  Appendices  1  and  2,  and  may  be 
referred  to  for  a  more  detailed  exposition  of  both  theory  and  experiment. 
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THEORETICAL 


The  development  of  the  theory  of  resonant  CARS  at  UTRC  under  this  contract  was 
composed  of  several  phases.  It  was  realized  initially,  that  in  addition  to 
understanding  the  resonant  CARS  process,  the  basic  spectroscopy — electronic, 
vibrational,  and  rotational — of  the  OH  radical  had  to  be  well-understood  and 
catalogued.  This  was  of  great  value  to  the  experimental  program,  because  the 
ability  to  model  and  synthesize  the  full  rotational  band  of  an  chosen  vlbronic 
transition  as  a  "stick"  spectrum  permitted  the  resonant  excitation  frequencies 
to  be  intelligently  chosen*  This  capability  required  a  knowledge  of  the 
vibration-rotation  constants  and  the  transition  dipole  moments  for  the 
electronic  transitions  of  interest.  This  information  was  further  employed  for 
the  calculation  of  the  resonant  CARS  spectrum.  The  resonant  CARS  spectra 
calculated  from  theory  are  quite  simple  in  appearance,  consisting  of  only 
three  lines.  This  is  true  because  the  resonant  CARS  process  selects  (in  much 
the  same  manner  as  a  delta  function)  only  a  small  number  of  possible  allowed 
transitions.  The  allowed  rovibronic  transitions  for  OH  are  P,Q,  and  R.  Full 
details  of  the  theory  are  presented  in  Ref.  1.  The  possibility  of  finding 
so-called  double  and  triple  resonance  in  OH  was  considered  theoretically  and  a 
computer  search  for  these  coincidences  was  made.  Because  of  the  large 
rotational  line  spacing  in  OH,  it  was  realized  that  such  possibilities  were 
rare;  this  was  borne  out  by  the  computer  search.  For  each  of  the  experimental 
resonances  found  (described  below),  a  theoretical  spectrum  was  calculated 
(examples  are  shown  in  Refs.  1,2)  for  comparison.  The  issue  of  saturation, 
because  of  its  complexity,  was  not  addressed  theoretically;  however, 
experimental  evidence  of  saturation  was  found  and  is  discussed  below. 


EXPERIMENTAL 

Several  important  factors  were  considered  in  the  design  of  a  resonant  CARS 
experiment  which  must  detect  a  molecular  free  radical  in  the  gas  phase.  The 
problems  are  compounded  by  the  fact  that  the  OH  electronic  transitions  lie  in 
the  ultraviolet.  This  requirement  of  working  in  the  UV  introduced  the 
additional  complexities  of  frequency  doubling  two  narroband  tunable  dye 
lasers(  both  pumped  by  the  limited  output  of  a  frequency-doubled  Nd:YAG 
laser),  manipulating  and  detecting  ultraviolet  beams,  and  dealing  with 
dlchrolc  mirrors  and  filters  that  were  only  partially  effective  in  removing 
unwanted  wavelengths,  while  at  the  same  time,  severely  attenuating  the  desired 
wavelength. 
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The  configuration  conventionally  employed  for  resonant  CARS  makes  use  of  two 
tunable,  narrowband  dye  lasers,  one  of  which  (the  pump  laser  frequency)  is 
tuned  to  the  selected  electronic  resonance  and  held  fixed,  and  the  second 
(Stokes  laser  frequency)  slowly  scanned  in  frequency,  thereby  generating  the 
resonant  CARS  spectrum.  The  two  tunable  narrowband  lasers  are  synchronously 
driven  with  the  second  harmonic  (532  nm)  of  a  pulsed  neodymium  YAG  (Nd:YAG) 
laser  operating  at  10  Hz.  One  of  the  dye  lasers  (Stokes)  is  a  commercial  unit 
which  can  be  scanned  at  various  speeds.  The  pump  laser  is  homemade,  of  the 
Llttmann  grazing-grating  configuration.  Each  dye  laser  produces  radiation  of 
frequency  width  less  than  0.3  wavenumber  and  the  energy  per  pulse  between  10 
and  20  ml ,  depending  upon  the  laser  dye  chosen. 

The  laser  output  from  both  dye  lasers  must  be  frequency  doubled  to  achieve 
resonance  on  the  OH  X — A  bands  which  lie  in  the  ultraviolet.  The  pump  dye 
laser  is  frequency  doubled  with  a  manually  adjusted  second  harmonic  crystal. 
Because  the  Stokes  laser  is  scanned,  an  automatic  angle-tuned  device  which 
maintains  constant  output  power  of  the  second  harmonic  frequency  as  the 
fundamental  is  tuned,  must  be  employed.  A  WEX-1  (Quanta-Ray)  performs  this 
task  over  the  fundamental  dye  laser  spectrum  at  scan  rates  in  excess  of  0.05 
nm/sec.  The  second  harmonic  conversion  efficiency  appears  to  be  about  10  X 
for  both  lasers;  hence,  ultraviolet  energies  range  between  1  and  2  mil li joules 
per  pulse,  corresponding  to  peak  powers  of  100  to  200  kilowatts. 

The  two  ultraviolet  laser  beams  (pump  and  Stokes)  are  combined  with  a  dlchroic 
mirror  and  focussed  into  the  me thane /oxygen  flame  in  the  col linear  CARS 
geometry.  The  beams  emerging  from  the  flame,  now  containing  the  CARS 
frequency  also,  are  recollimated  and  directed  to  the  detection  system.  The 
pump  and  Stokes  beams  are  partially  removed  with  a  dlchroic  mirror  and 
trapped.  Because  the  dlchroic  is  unsuccessful  in  completely  removing  the 
undesired  frequencies,  the  three  emergent  beams  are  spatially  separated  with  a 
dispersing  prism  and  only  the  desired  CARS  frequency  allowed  to  enter  the 
detector,  a  filtered  photomultiplier.  One  of  the  most  essential  features  of 
the  experiment  is  an  emission/fluorescence  deletion  arm  at  right  angles  to 
the  CARS  laser  beams.  This  segment  of  the  apparatus  served  to  calibrate  a 
monochromator  through  the  known  emission  spectrum  of  the  OH  radical.  More 
Importantly,  this  subsystem  served  both  to  indicate  when  a  resonance 
excitation  has  been  found,  and  to  Identify  the  particular  transition  in 
question  through  the  unique  laser-induced  fluorescence  spectrum.  The 
disposition  of  the  optical  configuration  of  the  experiment  is  best  appreciated 
by  reference  to  the  experimental  figures  of  Appendix  1  or  2. 

The  burner  used  throughout  these  studies  consisted  of  a  staggered  array  of 
stainless  steel  capillary  tubes  (0.125  o.d.)  which  were  ground  flush  with  an 
edge-cooled  brass  plate  which  held  the  tubes  in  place.  The  matrix  of 
alternating  fuel/oxldlzer  tubes  was  surrounded  by  an  outer  layer  of  tubes 
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which  provided  a  nitrogen  sheath  to  stabilize  the  flame.  The  burner  produced 
a  flame  of  very  uniform  appearance.  Mounted  on  a  vertical  translation  stage, 
the  burner  could  be  moved  relative  to  the  CARS  laser  beams. 


RESULTS 


The  first  demonstration  of  resonant  CARS  in  OH  was  obtained  with  the  pump 
frequency  resonant  on  the  PI (9)  rotational  line  of  the  1-0  vibronlc  band.  The 
spectrum  (a  scanned  CARS  spectrum)  was  obtained  by  scanning  the  Stokes  laser, 
while  recording  the  change  in  Intensity  of  the  CARS  signal  falling  on  the 
filter  detector.  Several  spectra  are  displayed  in  Appendices  1  and  2.  In 
addition  to  the  OH  resonant  CARS  spectrum,  the  "normal"  CARS  spectrum  of  water 
was  easily  observed  because  of  its  great  abundance  In  the  particular  flame 
employed.  The  band  head  of  the  water  CARS  spectrum  is  a  very  distinctive 
feature  and  provides  a  frequency  marker  for  calibrating  spectra.  When  the 
pump  frequency  is  carefully  adjusted  to  the  peak  of  the  resonant  transition, 
the  water  CARS  spectrum  is  barely  discernible  in  comparison  to  the  OH  resonant 
CARS  spectrum.  This  was  taken  as  prime  evidence  that  resonanat  CARS  was  being 
observed,  because  the  water  concentration  is  at  least  four  to  five  times  that 
of  OH  in  the  methane/oxygen  flame,  the  normal  CARS  spectrum  of  OH  would  be 
much  less  than  that  of  the  water  CARS,  probably  totally  lost  in  the  water  CARS 
band.  The  enhancement  factor  obtained  through  the  resonant  CARS  process  not 
only  makes  the  OH  signal  observable,  but  much  larger  than  the  water  signal. 

The  enhancement  factor  for  the  OH  resonant  CARS  may  be  larger  than  is 
apparent,  because  the  true  scaling  of  the  CARS  signal  involves  a  consideration 
of  llnewidths  and  constructive/destructive  interferences  between  the  lines 
which  has  not  been  factored  in. 

The  first  resonant  CARS  spectra  obtained  (for  large  values  of  the  rotational 
quantum  number,  PI (9)  and  Q1(1A))  are  Incomplete  with  respect  to  the 
theoretically  predicted  resonant  CARS  spectra  because  the  outermost  lines  are 
not  observed  in  the  experiment,  mainly  because  of  the  limited  spectral  tuning 
range  of  the  Stokes  dye  laser.  The  spacing  between  the  outermost  lines 
depends  directly  upon  the  rotational  quantum  number;  hence,  these  lines  will 
move  toward  each  other  as  this  quantum  number  decreases.  For  resonances  on 
Ql(4)  and  Ql(2),  evidence  for  the  outermost  components  was  observed. 

A  preliminary  exploration  of  saturation  was  made  by  reducing  the  intensity  of 
the  pump  beam  with  fused  silica  flats  and  partially  reflecting  UV  mirrors, 
resulting  in  an  attenuation  of  5.5.  In  order  to  obtain  reasonable  signal 
strength,  the  gain  had  to  be  Increased  by  a  factor  of  ten.  Because  the  CARS 
signal  scales  as  the  square  of  the  pump  laser  power,  a  reduction  of  30  should 
have  been  seen.  This  discrepancy,  along  with  the  change  in  shape  and  number  of 
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lines  was  interpreted  as  evidence  that  saturation  effects  must  be  considered. 

A  more  thorough  study  is  called  for;  one  which  includes  attenuation  of  the 
Stokes  laser  beam  to  determine  if  both  of  the  input  laser  beams  contribute  to 
saturation  of  the  resonant  CARS  process,  and  how  that  affects  the  resultant 
CARS  spectra. 

The  sensitivity  of  the  resonant  CARS  spectrum  to  changes  in  concentration  was 
studied  by  changing  the  height  of  the  Incident  CARS  laser  beams  relative  to 
the  height  of  the  burner  surface.  The  results  showed  that  the  OH  CARS  signal 
was  much  larger  than  the  water  signal  near  the  burner  surface  (0.5  cm),  but 
nearly  disappeared  at  a  height  of  2.0  cm,  where  the  water  CARS  signal  was  much 
stronger.  Future  studies  will  involve  a  detailed  calibration  of  the 
concentrations  of  both  OH  and  water  throughout  the  flame,  as  well  as  the 
temperature  distribution,  so  that  resonant  CARS  as  a  quantitative  diagnostic 
may  be  properly  assessed.  Saturation  may  prove  to  be  a  problem  for 
quantitative  measurements;  however,  even  in  the  case  of  saturation,  it  may  be 
possible  to  construct  a  calibrated  working  curve  of  concentration  versus 
signal  strength,  as  is  done  in  analytical  chemistry  for  spectrophotometry, 
when  there  is  a  failure  of  Beer's  law. 

A  significant  disparity  between  theory  and  experiment  was  observed  in  that  the 
experimental  spectra  display  a  group  of  unpredicted  satellite  lines  about  the 
strong  central  peak.  These  lines  number  from  2  or  3,  up  to  as  many  as  7  (this 
may  be  a  function  of  the  signal-to-noise  ratio),  and  have  varying  types  of 
lineshapes  (dispersion,  absorption,  or  a  combination  of  the  two).  The  origin 
of  these  extra  lines  may  be  a  strong-field  effect,  i.e.,  saturation,  which  was 
not  treated  in  the  theoretical  analysis.  Several  recent  theoretical  analyses 
of  resonant  CARS  in  the  strong  field  regime  have  predicted  the  appearance  of 
satellite  line  structure  about  the  central  line  with  a  frequency  separation 
given  by  the  Rabi  frequency.  Other  explanations  of  extra  resonances  involve 
"dephasing-induced"  effects.  A  third  possibility  may  be  rotational  energy 
transfer  from  the  resonance  level  excited  by  the  resonant  pump  beam. 

Population  in  adjacent  excited  states  could  then  cause  additional  resonances 
as  the  Stokes  laser  is  tuned.  A  fourth  possibility  is  that  more  than  one 
transition  are  simultaneously  excited  due  to  the  base  width  of  the  pump  laser. 

Another  Interesting  question  is  the  appearance  of  the  resonant  CARS  spectrum 
as  the  pump  laser  frequency  is  parametrically  tuned  through  the  electronic 
resonance.  Dramatic  changes  are  observed  as  to  the  number,  shape  and  relative 
intensity  distribution  of  the  lines  of  the  spectrum,  for  small  changes  in 
tuning.  This  extreme  sensitivity  to  tuning  has  been  observed  by  other  workers 
in  the  field  of  resonant  CARS.  The  cause  of  such  sensltitivlty  derives  from 
the  very  nature  of  the  resonant  CARS  process  and  it  cannot  be  avoided.  What 
it  does  imply  is  that  one  must  employ  very  narrowband  dye  lasers  which  can  be 
tuned  very  precisely  to  the  transition  line  center.  Obviously  these 
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considerations  bear  heavily  upon  the  problems  listed  in  the  previous 
paragraph.  Answers  to  these  questions,  and  others  are  presently  being  pursued 
under  a  new,  one-year  AFOSR  Contract  which  has  just  started. 


CONCLUSIONS 


Electronically  resonant  CARS  of  the  OH  radical  has  been  demonstrated  in  a  very 
hot  me thane /oxygen  flame.  The  resonant  CARS  spectrum  was  generated  by  use  of 
two  frequency-doubled,  pulsed,  narrowband  dye  lasers,  one  of  which  was  tuned 
and  then  fixed  on  a  selected  OH  X — A  transition,  while  the  other  was  scanned 
over  the  appropriate  range.  The  OH  resonant  CARS  signal  is  strong  compared  to 
the  water  CARS  spectrum,  even  though  water  is  much  more  abundant  than  OH  in 
the  flame.  Resonant  CARS  was  observed  from  several  different  electronic 
resonances  and  was  quite  sensitive  to  precise  tuning  of  the  pump  laser 
frequency.  The  theory  of  resonant  CARS  in  the  OH  radical  has  been  treated  and 
the  predicted  appearance  of  OH  resonant  CARS  spectra  presented.  Saturation, 
for  which  there  is  some  experimental  evidence,  has  not  been  included  in  the 
theory.  Agreement  between  theory  and  experiment  is  good,  except  for  the 
experimental  observation  of  satellite  structure  about  the  central  line.  This 
additional  structure  is  believed  to  arise  from  collislonal  redistribution  of 
population  in  rotational  energy  levels  of  the  upper  electronic  state,  or  from 
saturation  effects.  The  variation  of  the  resonant  CARS  spectrum  as  a  function 
of  the  laser  beam  height  in  the  flame  was  observed  and  offers  promise  that 
resonant  CARS  may  be  applicable  to  quantitative  measurements  of  concentration. 
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Introduction 


Abs  tract 

CARS  (coherent  anti-Stokes  Raman 
spectroscopy)  Is  a  nonlinear  spectro¬ 
scopic  technique  capable  of  making  re¬ 
mote,  highly  accurate  measurements  of 
temperature  and  concentration  which  are 
both  temporally  and  spatially  precise, 

In  extremely  difficult  environments  such 
as  Internal  combustion  engines  and  gas 
turbine  exhausts.  A  major  disadvantage 
of  CARS  methods  Is  that  its  application 
Is  generally  limited  to  those  species 
whose  concentration  Is  on  the  order  of 
one  percent  or  greater.  In  order  to  ex¬ 
tend  CARS  detectivity,  electronically, 
resonantly-enhanced  CARS  can  be  employed, 
whereby  one  of  the  CARS  laser  frequencies 
Is  selected  to  be  resonant  with  an  elec¬ 
tronic  transition.  This  results  In  a 
large  signal  enhancement  (possibly  sev- 
everal  orders  of  magnitude).  In  this 
paper,  the  results  of  applying  resonant 
CARS  to  the  detection  of  the  hydroxyl 
radical  In  a  me  thane /oxyge n  flame  will 
be  presented.  The  theory  of  electron¬ 
ically  resonant  CARS,  predicted  spectra, 
and  the  experimental  procedure  are  de¬ 
scribed.  The  variation  of  the  experi¬ 
mentally  obtained  resonant  CARS  spectrum 
with  different  choices  of  electronic 
resonance  Is  shown.  A  preliminary  dem¬ 
onstration  of  saturation  is  also  Illus¬ 
trated,  as  Is  the  correlation  of  the 
resonant  CARS  spectrum  with  dependence 
of  OH  concentration  on  flame  height. 
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CARS  (coherent  anti-Stokes  Raman 
spectroscopy)  Is  a  nonlinear  optical 
process  wherein  three  optical  fields  are 
combined  In  a  material  medium  to  generate 
a  fourth  optical  field.  As  convention¬ 
ally  employed,  two  laser  frequencies,  u>j 
(the  pump  beam)  and  u>2  (the  Stokes 
beam),  are  mixed  to  produce  the  CARS 
frequency,  <<03,  which  appears  as  a 
coherent,  collimated  beam.  This  is 
illustrated  in  Fig.  la.  The  CARS  signal 
is  large  and  easily  detected  (even  in  the 
prescence  of  particles  or  a  highly  lumi¬ 
nous  background)  when  the  frequency  dif¬ 
ference  between  the  two  input  frequencies 
corresponds  to  a  Raman-active  molecular 
vibration  or  rotation  (or  an  electronic  ) 
transition  .  Because  CARS  is  a  coher¬ 
ent,  nonlinear  process,  laser  beams  are 
required  to  provide  the  proper  phases  of 
the  optical  fields  in  time  and  space,  and 
the  high  intensity  to  enhance  the  non¬ 
linear  aspect  of  the  process.  Usually, 
high-peak  power  pulsed  lasers  are  em¬ 
ployed  to  generate  CARS,  particularly  for 
combustion  diagnostic  applications.  Pho¬ 
ton  energy  is  conserved  in  the  CARS  pro- 
cess(in  contrast  to  the  Raman  effect),  as 
illustrated  in  Fig.  lb.  Note  that  > 

a>2«  Fig.  lc  exhibits  two  distinct 
methods  of  generating  a  CARS  spectrum. 

One  of  these  methods  is  to  employ  a 
broadband  (100  cm-1  wide)  Stokes  laser, 
which  results  in  the  generation  of  the 
entire  CARS  spectrum  of  interest  from 
each  laser  shot.  This  particular  method 
is  very  useful  for  combustion  diagnostics 
because  single-shot  (typically  10  nano¬ 
seconds)  thermometry  can  be  performed. 

The  second  method  uses  two  narrowband 
lasers  and  tunes  one  of  these,  generating 
the  CARS  spectrum  by  scanning.  It  is 
this  second  ,  scanned  technique  which  is 
utilized  to  generate  resonantly  enhanced 
CARS,  by  scanning  tUj  while  holding  coj 
fixed  on  an  electronic  transition. 

CARS  applications  are  diverse  and 
too  numerous  to  catalogue  in  detail  here. 
It  is  an  important  spectroscopic  tech¬ 
nique  well-suited  for  fundamental  studies 
of  molecules,  large  and  small.  CARS  has 
been  repeatedly  demonstrated  to  be  a  su¬ 
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Fig.  1  Basic  scheme  tor  CARS  spectros¬ 
copy. 


perior  technique  for  remote  diagnostics 
for  combustion  research,  on  both  a  labo¬ 
ratory  scale  and  for  large-scale  practi¬ 
cal  devices.  Examples  include  CARS  tem¬ 
perature  and  concentration  measurements 
in  sooty  flames  ,  ^  plasmas, 2  internal 
combustion  engines^  and  gas  turbine 
engines.4  The  theory  and  application  of 
CARS  have  been  extensively  reviewed; 
these  reviews  may  be  consulted  for 
detailed  descriptions.^"^ 

A  major  disadvantage  of  CARS  diag¬ 
nostic  methods  is  that,  at  atmospheric 
pressure,  they  are  generally  limited  in 
application  to  species  whose  concentra¬ 
tion  is  about  one  percent  or  greater.  A 
means  of  overcoming  this  limitation  is  to 
enhance  the  CARS  signal  through  electron¬ 
ic  resonance.  Recall  that  the  normal  CARS 
process  is  v i b r a t iona 1 1 y  resonant;  if  in 
addition,  one  of  the  input  CARS  frequen¬ 
cies  is  resonant  with  an  electronic  tran¬ 
sition,  a  large  increase  in  the  CARS  sig¬ 
nal  occurs.  This  Increase  can  be  a  fac¬ 
tor  of  several  hundred  over  the  normal 
CARS  effect.  E 1 e c t r o n i c a  11 y - r e so na n t 
CAKS( resonant  CARS  for  short)  has  been 
observed  for  several  large  molecules  in 
solution  phase;  however,  to  date,  only  a 
limited  number  of  molecules  have  been 
studied  using  resonant  CARS  in  the  gas¬ 
eous  phase,  namely  l2»®  NO2,®  and  most 
recently,  Cj.*®  The  reason  for  this 
limited  application  in  the  gas  phase  is 
clear;  there  are  very  few  simple,  small 
molecules  which  absorb  visible  light 
(where  dye  lasers  work  efficiently). 
Indeed,  the  last  cited  case,  C2 >  is  a 
radical  which  must  be  generated  in  a 
flame  or  a  microwave  discharge. 

The  hydroxyl  radical  was  chosen  for 
study  at  this  laboratory  because  of  its 
ubiquitous  presence  and  extreme  impor¬ 
tance  in  combustion  chemistry.  OH  enters 
into  the  oxidation  mechanisms  of  nearly 
all  hydrogen-containing  fuels.  OH  plays 
an  essential  role  in  the  mechanisms  of 
the  oxidation  mechanisms  of  nearly  all 


types  of  hydrocarbons.  hydruxyi  radical 
reactions  are  usually  very  rapid  (because 
Oh  is  a  radical,  activation  .ncigivs  are 
suiali)  and  On  often  enters  .nto  explosive 
cnain  reactions.  Oh  is  also  important  in 
atmospheric  chemistry  and  nas  seen  impli¬ 
cated  in  acid  rain  formation  irum  nitro¬ 
gen  and  suitur  oxides.  lor  tucse  impor¬ 
tant  reasons,  it  is  desirable  to  be  a  Die 
to  detect  and  Qieasure  tne  c  o  nc  c  >1 1  r  <.  t  1  >>  n 
of  the  Oh  radical  in  ditticuil  environ¬ 
ments  . 

Optical  methods  presently  employed 
to  measure  Oh  concentrations  are  UV  ab¬ 
sorption  spectroscopy  and  la se r  -  i :  1  d ut ed 
fluorescence  spectroscopy  (Lltb).l*  ihe 
absorption  method  is  readily  applied 
and  useful  where  spatial  resolution  is 
not  required.  Even  where  applicable, 
gradient  and  edge  effects  can  degrade 
absorption  measurement  accuracy.  Lltb 
is  a  point  measurement  technique  which 
en_,oys  good  success  in  cartfully  con¬ 
trolled  laboratory  devices  operating 
cleanly  at  low  pressure.  However,  in 
practical  combustion  environments, 
fluorescence  methods  can  suffer  from  in¬ 
terferences,  such  as  fluorescence  from 
other  species  and  from  laser-induced 
particle  Incandescence.  The  major  prob¬ 
lem  with  fluorescence  techniques  is 
collislonal  quenching,  particularly  for 
application  in  high  pressure  devices.  In 
contrast,  CARS  diagnostic  measurements 
have  been  demonstrated  in  several  prac¬ 
tical  combustion  systems  such  as  highly 
luminous  sooting  flames.  Internal  com¬ 
bustion  engines,  gas  turbine  combustors, 
solid  propellant  flames,  and  alumina 
particle  laden  flows,  because  CARS  meth¬ 
ods  have  proven  superior  in  these  types 
of  environments,  it  is  beneficial  to  ex¬ 
tend  the  sensitivity  for  CARS  to  radicals 
such  as  OH. 

In  the  sections  which  follow,  the 
progress  on  application  of  resonant  CARS 
to  the  detection  of  OH  is  described.  The 
effort  at  UTRC  has  been  and  continues  to 
oe  a  combined  theoretical  and  experimen¬ 
tal  program.  The  first  section  is  a  ba¬ 
sic  primer  on  OH  spectroscopy,  required 
for  application  of  resonant  CARS.  Fol¬ 
lowing  this  section  is  a  presentation  of 
the  theory  of  resonant  CARS  with  pre¬ 
dicted  resonant  CARS  spectra  for  compar¬ 
ison  with  experimental  spectra.  Issues 
of  saturation  and  rotational  state  re¬ 
distribution  have  not  yet  been  considered 
because  of  their  difficulty.  A  descrip¬ 
tion  of  the  experimental  apparatus  em¬ 
ployed  follows  the  theoretical  section. 
The  results  of  the  experiments  to  date 
are  presented  mainly  through  display  of 
the  resonant  CARS  spectra  obtained  from 
different  resonances,  variation  of  inci¬ 
dent  laser  power,  and  laser  beam  height 
changes  relative  to  the  burner  surface. 
Conclusions  and  plans  for  future  studies 
are  given  in  the  final 


Spactropcopy  of  thg  Hydroxyl  Radical 

It  1*  aaaantlal  to  undaratand  tha 
alactronlc,  vibrational,  and  rotational 
aapacta  of  OH  apactroacopy  In  ordar  to 
wiaaly  aalaet  tht  raaonant  CARS  pump 
laaar  frequency,  uj  .  Once  ha*  been 
choeen,  the  Stokee  frequency,  wj ,  la 
determined  by  the  OH  vibrational  shift. 

The  spectral  positions  of  the  excitation 
frequencies,  although  a  matter  of  some 
choice,  depend  strongly  on  the  laser 
dyes  available  which  yield  high  second- 
harmonic  conversion  efficiency  in  the 
appropriate  region  of  the  ultraviolet. 

The  spectroscopy  of  the  OH  radical 
is  rather  complicated  for  a  diatomic 
molecule.  This  complexity  arises  mainly 
from  the  unpaired  electron  spin  and  the 
non-zero  orbital  angular  momentum  of  the 
electronic  ground  state.  Without  going 
into  fine  detail,  the  result  of  spin- 
orbit  coupling  is  a  2f!  electronic  ground 
state  which  is  split  by  about  12b  c«‘*  . 
This  2  n  state  is  inverted  with  the  ft  * 
±3/2  state  lying  below  the  ±  1/2  state. 
Following  Dleke  and  C ros s wh i t e , 1 2  these 
states  are  designated  fj  and  f 2  ,  re¬ 
spectively,  and  are  shown  along  with 
the  first  excited  state,  2£  ,  in  Fig.  (2). 
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Fig.  2  Fundamental  considerations  for 
OH  spectroscopy. 


The  splitting  between  the  upper  stpte  com¬ 
ponents  F^  and  F,  is  exaggerated  to  illus¬ 
trate  the  strongly-  vs  weakly-allowed 
transitions  from  the  ground  electronic 
state  (generic  label,  X)  to  the  first 
excited  state  (A).  Also  shown  In  this 
figure  are  the  vibrational  and  rotational 
transitions  from  X  to  A.  There  are  no 
vibrational  selection  rules  for  electronic 
transitions,  but  the  Franck-Condon  princi¬ 
ple  governs  the  strength  of  the  vibronic 
transitions  as  the  middle  figure  indi¬ 
cates.  Hote  that  the  convention  on  label¬ 
ing  states  is  v'  for  the  upper  state 
and  v"  for  the  lower.  Moreover,  a  par¬ 


ticular  transition  la  daalgnatad  as  v  ,  v  , 
hanca,  tha  1-0  vibronic  transition  lapllas 
a  transition,  In  althar  absorption  or 
amlsalon,  batwaan  v‘  ■  1  of  tha  A  stats 
and  V"  •  0  of  tha  (  stats.  Tor  tha  cats 
of  2n  otats ,  ths  rotational  saltation  ruls 
permits  A J  -  0,  *1;  tharafors,  Q,  P  and 

R  rotational  branchas  are  observed  as 
shown  in  Fig.  (2).  Note  also  that  the 
quantum  number  J  for  this  case  Is  the 
total  angular  momentum;  l.e.,  the  sum  of 
electronic  angular  momentum,  ft,  and  the 
mechanical  angular  momentum  of  the  mole¬ 
cule,  N.  For  this  reason,  J”  is  half- 
integral  and  has  an  initial  value  of  3/2. 

If  one  excludes  the  rotational  fine 
structure  and  examines  only  the  vibronic 
structure  of  the  X  to  A  transition  of  OH, 
a  plot  of  vibronic  bandheads  results,  as 
shown  in  Fig.  (3).  This  spectrum  is 
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Fig.  3  Vibronic  bandheads  for  the  A  tc 
X  transitions  of  OH.  Adapted 
from  Dieke  and  Crosswhite,  kef. 
12. 


extremely  important  because,  in  conjunc¬ 
tion  with  Fig.  (A),  the  relative  output 
of  conventional  laser  dyes,  it  was  used 
to  determine  the  optimum  vibronic  band 
for  the  resonant  CARS  pump  frequency, 
u)j.  The  choice  of  the  1-0  band  was 
made  because  it  places  u> j  in  the  re¬ 
gion  of  the  very  efficient  laser  dye,  1, 
rhodamlne  590,  so  that  reasonable  second 
harmonic  power  can  be  obtained.  The 
Stokes  frequency,  00  2 ,  is  required  to  lie 
in  the  range  3000  to  3500  cm* I  to  the  low 
frequency  side  (high  wavelength)  side  of 
Wj.  According  to  Fig.  (4),  the  laser  dye 
5,'DCM,  covers  the  required  range  nicely, 
with  good  energy  conversion.  It  must  be 
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Fig.  4  Second  harmonic  conversion  of 
some  typical  laser  dyes. 


In  Eq.  2,  N  represents  the  OH  number 
density,  w  denotes  frequency,  T  denotes 
prsssurs-brosdened  llnevldth,  p(° ) 
loltusnn  populstlon,  end  m  ■  electric 
dipole  matrix  element.  n  end  n1  represent 
excited  electronic  ststes  of  the  molecule, 
and  It  Is  appsrsnt  from  examination  of  the 
denominators  In  Eq.  2  that  electronic  res¬ 
onant  enhancement  will  occur  If  either 
w,,  uj,  or  coincides  with  an  allowed 

electronic  transition.  It  la  also  appar¬ 
ent  that  selecting  the  pump  frequency 
resonant  with  a  particular  a-n  electronic 
transition  "picks  out"  a  particular  ini¬ 
tial  ground  vibration-rotation  state  a, 
making  it  possible  to  Ignore  the  contribu¬ 
tions  of  all  other  Initial  Raman  states 
in  the  ground  e lec t r on lc - vl b r a t Iona  1  man¬ 
ifold.  Because  the  term  which  contains 
the  denominator  resonant  in  is  pro¬ 

portional  to  the  population  f>bb  of 
the  upper  state  In  the  Raman  transition, 
it  Is  reasonable  to  expect  that  Its  con¬ 
tribution  will  be  small,  particularly 
for  a  molecule  like  OH  with  a  very  large 
vibrational  spacing.  The  rules  for  Inter¬ 
pretation  of  resonant  CARS  spectra  In 
terms  of  Eq.  2  have  been  discussed  at 
length  in  the  literature,  with  successful 
application  to  I2»®  **2>^  and  C2.^ 

One  notes  that  If  the  pump  frequency 
Is  made  to  coincide  with  the  frequency  of 
a  particular  electronic  transition  a-n, 
and  the  Stokes  frequency  Is  tuned  to  sweep 
out  the  range  of  Raman  frequencies,  there 
will  be  double  resonances  which  occur  when 
Wj  -  W2  -  wab,  or  u>3  -  uan', 
and  the  possibility  of  triple  resonances 
when  -  wan,  “j  -  ^  2  *  wab  »  and 

w3  “  “an'*  The  criterion  for  the  oc¬ 

currence  of  a  triple  resonance  Is  that 
the  transitions  a-n  and  a-n'  be  optically 
allowed  and  that  ^ab  "  wnn  '  •  While  the 
triple  resonances  do  occur  in  molecules 
like  I2  and  C2  with  closely  spaced  vib-  , 
ra t ion -r o t a t ion  states,  they  are  expected 
to  be  extremely  Improbable  In  a  molecule 
like  OH  with  very  large  spacing  between 
levels.  If  two  distinct  pump  sources  with 
slightly  different  frequencies  are  em¬ 
ployed,  then  a  triple  resonance  can  be 
achieved  In  OH,  but  In  general  they  should 
not  be  expected. 

The  electronic  and  vibrational  spec¬ 
troscopy  of  OH  has  been  discussed  pre¬ 


viously.  In  the  electronic  absorption  or 
emission  spectrum,  P,  Q,  and  R  branches 
are  allowed,  making  possible  12  branches. 
However,  the  six  satellite  branches  In 
which  the  f,  or  t2  designation  changes 
will  be  relatively  weak,  leaving  six  main 
branches.  In  OH  vibrational  spectroscopy 
0,  P,  Q,  R,  and  S  transitions  are  allowed. 
The  weakness  of  the  satellite  branches  In 
the  electronic  spectrum  means  that  vi¬ 
brational  transitions  In  which  the  t  ,  or 
f2  designation  changes  can  also  be  Ig¬ 
nored.  By  examination  of  Eq  .  2  and  con¬ 
sidering  the  selection  rules  for  elec¬ 
tronic  and  vibrational  transitions,  which 
must  be  obeyed  for  the  resonant  CARS  pro¬ 
cess,  it  Is  possible  to  specify  the  types 
of  resonances  which  will  give  rise  to  the 
spectral  features  in  electronically  reso¬ 
nantly  enhanced  OH  CARS.  As  an  example, 

If  w'j  is  tuned  to  a  Q-branch  transition, 
then  P,  Q,  and  R  Raman  resonances  will  be 
observed,  and  the  anti-Stokes  term  will  be 
contributed  by  a  Q- t ran s 1 t ion .  This  is 
illustrated  In  Fig.  7. 
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Fig.  7  Energy  level  diagram  showing 
origin  of  resonant  CARS  trip¬ 
let  structure. 


The  general  rules  are: 


Pump  tuned  to:  Allowed  Raman  resonances 

as  Stokes  Is  tuned  : 


Contributing  Anti-Stokes 
trans 1 1 Ion  : 


Q 


P,  Q,  R 


Q 


p 


0,  P,  Q 


P  &  R 


Tha  fundamental  inte rp rat at  Ion  of 
tha  raaonant  CARS  apactruo  of  OH  there¬ 
fore  Involves  a t ralght f o rwatd  counting  of 
resonances,  and  it  la  antlclpatad  that 
the  spectrum  will  conalat  of  contribu¬ 
tions  from  "double  resonances."  Detailed 
calculations  which  will  be  discussed  la¬ 
ter  show  that  double  resonances  of  the 
s-n,  a-n'  type  will  make  little  contribu¬ 
tion,  and  that  the  primary  features  are 
accounted  for  by  a-n,  a-b  double  reso¬ 
nances.  Hence,  one  expects  the  resonant 
CARS  spectrum  of  OH  to  consist  of  trip¬ 
lets  If  only  the  vibrational  fundamental 
(v  ■  0  to  v  ”1)  and  no  vibrational  over¬ 
tones  (av>  1)  are  considered. 


In  order  to  perform  quantitive  eval¬ 
uations  of  Eq.  2,  It  Is  necessary  to  have 
accurate  spectroscopic  Information  about 
vibration-rotation  energy  levels  In  the 
ground  (X)  and  upper  (A)  electronic 
states,  as  well  as  values  for  the  elec¬ 
tronic  transition  dipole  matrix  elements. 
Fortunately,  extensive  Investigations  of 
this  molecule  have  provided  a  great  deal 
of  Information  about  these  quantities. 
Specifically,  tabulations  of  vibration- 
rotation  energy  levels  have  been  publish¬ 
ed  by  Coxun,l*  and  the  absolute  values  of 
the  electric  dipole  matrix  elements  can 
be  deduced  from  the  theoretical  investi¬ 
gations  of  Chldsey  and  Crosley.^  Values 
for  the  pressure-broadened  llnewldtha 
also  are  needed,  but  reasonable  estimates 
can  be  made  here.  Llnewldths  will  be  of 
great  concern  only  If  significant  llne- 
to-llne  variations  are  expected;  at  the 
extremely  high  gas  temperatures  of  main 
Interest  In  these  Investigations  there 
are  reasons  for  expecting  this  not  to  be 
the  case.  There  is  also  a  question  of 
the  proper  phase  to  choose  for  the  elec¬ 
tric  dipole  matrix  elements,  because 
Franck-Condon  factors  are  In  general 
complex  quantities.  As  Drue t ,  et  al.  ® 
have  shown,  the  phase  of  the  Franck- 
Condon  factor  la  not  of  concern  If  only 
one  vibrational  level  In  the  upper  A 
state  contributes  to  the  anti-Stokes 
summation  In  Eq.  2.  Indeed,  this  is  the 
case  In  OH. 

Using  the  energy  level  tabulations 
of  Coxon,^4  and  the  Einstein  A-coeffl- 
clents  of  Chldsey  and  Crosley,^  the 
absorption  spectrum  of  the  1-0  A-X 
has  been  synthesised  from  the  following 
expression  for  line  Intensity^® 
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ignored,  six  bands  (two  each  of  P,  Q,  A 
R)  contribute  to  the  synthetic  spectrum 
shown  previously  (Fig.  5).  The  R-bands 
show  the  expected  reversal  at  higher  val¬ 
ues  of  rotational  quantum  number.  The  1-0 
system  has  been  chosen  for  this  calcula¬ 
tion  because  our  experiments  have  been 
conducted  with  the  pump  source  frequency 
chosen  to  coincide  with  those  of  various 
lines  In  this  system,  for  the  reasons 
discussed  In  the  section  on  OH  spectros¬ 
copy.  A  high  resolution  predicted  spec¬ 
trum  was  Illustrated  above  (Fig.  6). 

In  order  to  synthesize  the  resonant 
CARS  spectrum  of  OH,  electric  dipole  ma¬ 
trix  elements  were  computed  by  employing 
the  rov lb ra t tonal  transition  probabil¬ 
ities  of  Chldsey  and  Croeley1*  and  the 
rotational  line  strength  formulas  of 
Earls.  The  complicated  expression 
(Equations  1  and  2)  for  the  third  order 
resonant  susceptibility  undergoes  a 
drastic  simplification  because  one  Is 
concerned  with  only  one  a-n  transition; 
the  allowed  Raman  resonances  are  well 
separated  and  do  not  overlap;  and  only 
one  or  two  (see  (3))  anti-Stokes  reso¬ 
nances  a-n'  will  make  contributions.  If 
one  assumes  that  only  the  lower  vibra¬ 
tional  state  Is  significantly  populated 
(  Pfcb  ■  Pnn  *  0),  and  tf  only  one 
anti-Stokes  resonance  la  Important,  then 
the  resonant  contribution  to  the  third- 
order  susceptibility  ( Eqn .  1)  reduces 
to : 
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A  search  was  first  undertaken  for 
triple  resonances;  for  each  electronic 
transition  In  the  1-0  manifold,  pump 
coincidence  was  assumed  and  the  allowed 
Raman  reaonance  frequencies  calculated. 
The  reaulting  anti-Stokes  frequencies 
were  then  compared  to  the  frequencies  of 
the  allowed  transitions  In  the  2-0  mani¬ 
fold.  Thla  computer  search  confirmed  the 
earlier  expectation  that  no  close  triple 
resonances  can  be  expected.  The  closest 
coincidence  was  about  A  cs**  for  the  pump 
tuned  to  the  P2(13)  transition;  no  great 
enhancement  la  expected  because  the 
Boltzmann  population  factor  for  this 
transition  la  relatively  small  for  the 
range  of  gas  temperatures  of  interest. 


(3) 


where  v  Is  the  transition  frequency  and 
E"  la  the  energy  in  the  ground  state. 
Because  the  satellite  banda  have  been 


Staple  CARS  calculations  art  pra- 
a tilted  In  Figs.  8-10  for  the  puap  tuned 
to  varloue  1-0  A-Z  treneltlont.  In  each 
caae,  a  triplet  la  predicted;  aach  aharp 
feature  in  the  apectrua  repreaanta  a 
double  reaonance  of  the  type  a-n,  a-b. 

The  relative  strengths  of  the  featurea 
are  deteralned  by  the  matrix  eleaente 
which  occur  In  Eq.  2,  and  alao  by  the 
antl-Stokee  denoalnatore  in  that  expres¬ 
sion.  Although  no  triple  reaonance  la 
repreaented  here,  aoae  of  the  Raaan  rea- 
onancea  are  aaaoclated  with  antl-Stokea 
frequencies  that  lie  auch  closer  to  antl- 
Stokes  resonances  (in  the  2-0  A-X  system) 
than  others,  and  are  accordingly  en¬ 
hanced.  The  relatively  weak  features  In 
Pigs.  8-10  correspond  to  Raaan  resonances 
whose  anti-Stokes  frequencies  lie  rela¬ 
tively  far  froa  the  allowed  anti-Stokes 
resonances.  The  large  rotational  con¬ 
stant  (B  -  19  ce'1)  of  OH  gives  rise  to 
the  very  large  separations  between  outer 
lines  that  are  evident  In  Figs.  8-10. 

This  separation  decreases  for  lower 
values  of  J  probed  by  the  pump  laser,  as 
evident  by  comparing  the  magnitudes  of 
the  outer  line  separations  In  Figs. 

9  and  10. 
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Fig.  8  Predicted  resonant  CARS  spec¬ 
trum  for  uj  resonant  on  Qj 
(  14)  .  T  -  2500°K 


MMUN  SHIFT.  CM-  I 


Fig.  9  Predicted  resonant  CARS  spec¬ 
trum  for  «*>i  tuned  to  Q  i  <  4  >  ■ 

T  -  2  500  K 
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Fig.  10  Predicted  resonant  CARS  spec¬ 
trum  for  tuned  to  Q  |  (  2 )  . 


The  interpretation  of  the  resonant 
CARS  epectrua  of  OH  In  teras  of  third- 
order  perturbation  theory  thus  results 
In  the  prediction  of  a  rather  simple 
apectrua  consisting  of  wel 1-sepa ra t ed 
triplets.  As  has  been  emphasized  by 
Druet  and  co-workers, 8  however,  the  per¬ 
turbation  expression  (1)  for  the  third- 
order  susceptibility  will  not  be  appli¬ 
cable  If  the  puap  or  Stokes  powers  give 
rise  to  appreciable  saturation.  As  will 
be  seen,  there  is  evidence  of  saturation 
In  the  experimental  spectra  obtained  In 
these  investigations,  and  this  may  pre¬ 
clude  a  simple  interpretation  of  the 
experimental  results.  Under  such  con¬ 
ditions,  corrective  terms  can.  In  prin¬ 
ciple,  be  applied  (Druet,  et  al.,);8 
but  a  better  theoretical  approach  eight 
be  along  the  lines  of  the  analysis  of 
strong-field  effects  In  CARS  by  Wllson- 
Gordon,  Kllao  vsky-Ba  1  r  d  ,  and  Friedmann.^ 
They  perform  a  full  solution  of  the  den¬ 
sity  matrix  equation  of  motion  for  a 
three  level  system,  and  obtain  analytical 
solutions  In  various  limiting  situations. 
Equally  Important  Is  the  question  of  col- 
llslonal  redistribution  of  population. 

As  will  be  seen,  although  the  experimen¬ 
tal  results  do  confirm  the  basic  triplet 
structure,  there  Is  additional  satellite 
structure  around  each  basic  component  of 
the  triplet  that  Is  suggestive  of  colll- 
slonal  transfer  to  adjacent  rotational 
states.  The  question  thus  arises  as  to 
whether  rotational  redistribution  within 
the  upper  A  state  and/or  colllslonal 
electronic  quenching  to  the  ground  X 
state  could  give  rise  to  extra  coher¬ 
ences.  This  problem  may  have  connec¬ 
tions  with  the  "pressure-induced  extra 
extra  resonances"  that  have  been  pre¬ 
dicted  and  observed  by  Prior,  et  al.*8 
An  Interpretation  of  these  extra  reso¬ 
nances  has  been  carried  out  by 
Grynberg,*®  who  employs  the  formalism  of 
the  "dressed  atom”.  These  effects  are 
areas  of  future  investigation  and  are  In 
the  forefront  of  resonant  CARS  theoreti¬ 
cal  research. 


Expo r lmantal 

Several  Important  factors  euit  be 
carefully  considered  In  Che  design  of  a 
resonant  CARS  experiment  which  attempts 
to  detect  a  molecular  free  radical  In  the 
gas  phase.  The  problems  are  compounded 
by  the  fact  chat  the  OH  electronic  tran¬ 
sitions  lie  In  the  ultraviolet.  The  re¬ 
quirement  of  working  In  the  UV  Introduces 
the  additional  complexities  of  frequency 
doubling  two  narrowband  tunable  dye  la¬ 
sers,  working  exclusively  with  fused  sil¬ 
ica  optics,  manipulating  and  detecting 
ultraviolet  beams,  and  dealing  with 
dlchrolc  mirrors  and  filters  that  are 
only  partially  effective  In  rejection  of 
unwanted  wavelengths,  which  at  the  same 
time,  severely  attenuate  the  desired 
wavelength. 

The  configuration  conventionally 
employed  for  resonant  CARS  makes  use  of 
two  tunable,  narrowband  dye  lasers  where¬ 
by  the  cj[  laser  Is  tuned  to  a  selected 
electronic  resonance  and  held  fixed,  and 
then  slowly  scanning  the  Stokea  laser 
(  u;  2 )  which  generates  the  resonant  CARS 
spectrum,  0J3 .  The  experimental  config¬ 
uration  employed  at  UTRC  Is  shown  sche¬ 
matically  In  Fig.  (11).  The  two  tunable 
narrowband  dye  lasers,  DL-1  and  DL-2 ,  are 
synchronously  driven  with  the  second  har¬ 
monic  (332  nm)  of  a  Quanta-Ray  pulsed 
neodymium  YAG  laser  operating  at  10  Hz. 
The  partial  mirror  (PH)  allots  about  40 
percent  of  the  332  nm  radiation  to  a  com¬ 
mercial  pulsed  dye  laser  (Quanta-Ray 
PDL-1),  denoted  DL-2,  and  the  remaining 
portion  to  a  homemade  laser  (DL-1)  of  the 
Llttman  grazing-grating  configuration.20 
Each  dye  laser  consists  of  side-pumped 
oscillator  and  preamplifier  stages, 
followed  by  an  end-pumped  amplifier 
stage.  Both  lasers  produce  radiation  of 
frequency  width  less  than  0.1  cm~l  and 
energy  per  pulse  between  10  and  20 
mlllljoulea,  depending  upon  the  laser 
dye  chosen. 


Fig.  11  Experimental  arrangement  for 
obtaining  resonant  CARS  spec¬ 
trum  of  OH. 


As  stated  previously,  tha  outputs 
from  both  dya  lasers  must  be  frequency 
doubled.  For  the  laser,  frequency 

doubling  la  a  trivial  task  and  requires 
only  a  manual  ly-ad juatable  second  har¬ 
monic  crystal,  FD,  in  the  figure.  How¬ 
ever,  becauae  wj  scanned,  an  auto¬ 

matic  angle-tuned  device  which  maintains 
constant  output  power  of  the  second  har¬ 
monic  frequency  as  the  fundamental  la 
tuned,  must  be  employed.  A  WEX-1 
(Quanta-Ray)  performs  this  task  over  the 
fundamental  dye  laser  spectrum  at  scan 
rates  In  excess  of  0.05  nm/sec.  Second 
harmonic  conversion  efficiency  appears  to 
be  about  10  percent  for  both  lasers; 
hence,  ultraviolet  energies  are  between  1 
and  2  millljoules  per  pulse,  which  corre¬ 
sponds  to  peak  powers  of  100  to  200  kW . 

The  two  ultraviolet  beams  are  com¬ 
bined  with  a  dlchrolc  mirror  and  focussed 
Into  the  flame  In  the  colllnear  CARS  con¬ 
figuration.  The  beams  emerging  from  the 
flame,  now  containing  the  CARS  frequency 
also,  are  recollimated  and  directed  to 
the  detection  system,  toj  and  <*>2  are 
partially  removed  with  the  dlchrolc  D-2 
and  trapped  In  the  trap,  T.  Because  the 
dlchrolc  is  unsuccessful  In  completely 
removing  uj  and  u>2  from  W3,  the  three 
beams  are  spatially  separated  with  the 
dispersing  prism,  DP.  The  unwanted  beams 
are  masked  out  and  U3  Is  allowed  to  en¬ 
ter  a  filtered  photomultiplier,  PMT.  The 
reference  cell  leg  of  the  experiment  Is 
derived  by  picking  off  25  percent  of  the 
Incident  beams  and  focussing  Into  a  high 
pressure  cell  and  detecting  the  nonreso- 
nant (non-vlbratlonal ly  resonant)  CARS 
signal.  Unfortunately  the  reference  cell 
leg  did  not  function  as  well  as  antici¬ 
pated,  hence  all  the  CARS  spectra  dis¬ 
played  below  are  uncorrected  for  laser 
power  variation  and  dye  laser  profile. 

A  moat  essential  feature  of  the  ex¬ 
periment  la  the  emission/fluorescence  de¬ 
tection  arm  shown  perpendicular  to  the 
CARS  beams,  above  the  burner,  In  the  dia¬ 
gram.  This  portion  of  the  experiment 
serves  to  calibrate  a  monochromator 
through  the  emission  spectrum  of  OH  from 
a  methane/oxygen  flame,  obtained  with  the 
aid  of  a  chopper  and  lock-ln  detector. 

As  an  example,  a  portion  of  the  1-0  emis¬ 
sion  from  OH  over  a  50  Angstrom  span  Is 
shown  In  Fig.  (12).  A  few  of  the  rota¬ 
tional  lines  are  identified  for  Illustra¬ 
tion.  More  Importantly,  this  subsystem 
serves  to  both  Indicate  when  resonance 
excitation  la  achieved  and  to  Identify 
the  particular  transition  which  Is  res¬ 
onant.  This  la  done  by  recording  the 
laser-induced  fluorescence  by  use  of  a 
boxcar  integrator  following  the  mono- 
chromator-PMT.  The  LIF  spectrum  for 
j  exciting  the  Qj(4)  line  of  the  1-0 
band  of  OH  is  shown  In  Fig.  (13).  This 
type  of  spectrum,  much  different  from 
the  emission  spectrum,  clearly  and 
uniquely  identifies  the  resonance  on 


Q j (  4 )  because  of  th«  strong  (U«r«icMt< 
fro®  Pj(4). 
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Spectrometer  wavelength,  A 


Fig.  12  OH  emission  spectrum  used  for 
calibration. 


Fig.  13  Laser-induced  fluorescence 

spectrum  for  resonant  on 

Ql<4). 


The  burner  used  throughout  these 
studies  consisted  of  a  staggered  array  of 
stainless  steel  capillary  tubes  (0.125  In 
00)  which  were  ground  flush  with  an  edge- 
cooled  brass  plate  which  held  the  tubes 
In  place,  the  Matrix  of  alternating 
fuel/oxldlzer  tubes  was  surrounded  by  an 
outer  layer  of  tubes  which  provided  a 
nitrogen  sheath  to  stabilise  the  flans. 
During  the  course  of  this  Investigation, 
a  it  thane/oxygen  flane  has  been  used 
rather  than  the  ®ore  te®per®ental  hydro- 
gen/oxygea  flane.  This  type  of  burner 
produces  a  flane  which  Is  very  uniform  in 
appearance.  The  burner  la  nounted  on  a 
translation  stage  which  can  be  aoved  In 
the  vertical  direction  so  that  the  CARS 
laser  beans  can  be  varied  In  height  rela¬ 
tive  to  the  burner  surface. 


Resonant  CARS  Results 

The  first  demonstration  of  resonant 
CARS  In  OH  was  obtained  with  o j  reso¬ 
nant  on  the  Pj(9)  line  of  the  1-0  vi- 
bronle  band.  The  spectrum  Is  shown  in 
Fig. (14).  This  type  of  spectrum  (a 


Fig.  14  Resonant  CARS  spectrum  first 
obtained  for  tJi  resonant  on 
F  i  (  9  )  . 


scanned  CARS  spectrun)  Is  obtained  by 
scanning  the  <*>  2  dye  laser,  while  re¬ 
cording  the  change  In  Intensity  of  the 
3  signal  falling  on  the  detector.  The 
region  of  the  spectrun  to  the  left  Is  the 
water  CARS  spectrun  which  Is  not  an  elec¬ 
tronically  resonant  spectrun.  However, 
because  of  the  great  abundaaca  of  water 
vapor  in  this  flane,  the  "nornal"  CARS 
spectrun  is  easily  observed.  The  sharp 
rise  occurring  around  2591  X  Is  the  band- 
head  of  the  water  CARS  spectrun.  The 
resonant  CARS  of  OH  occurring  In  the 
tall  of  the  water  CARS  spectrun,  has  Its 
strongest  peak  at  2602  X  and  represents  a 
case  where  u)  j  has  not  been  precisely 
tuned  to  the  center  of  resonance.  In 
contrast  the  resonant  CARS  spectrun  of  OH 
with  carefully  tuned  to  the  Q t ( 14) 

line  (adjacent  to  the  P  (9))  is  shown  In 
Fig.  (15).  For  this  case,  the  water  CARS 
spectrun  is  barely  discernible,  while  the 
OH  lines  are  nuch  stronger,  at  least  5 
tines  stronger.  This  Is  good  evidence 
that  resonant  CARS  Is  being  observed,  be¬ 
cause  the  water  concentration  is  at  least 
four  to  five  tines  that  of  OH  in  the 
CH ,/0j  flane,  and  because  CARS  signals 
scale  as  concentration  squared,  the  nor- 
nal  CARS  of  OH  would  be  less  than  0.1 
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chat  of  the  HjO  CARS  algnal.  In  other 
words.  It  would  be  nearly  totally  lost  la 
Che  water  CARS  band*  The  enhancement 
factor  for  the  OH  raaonant  CARS  may  even 
be  larger  than  Is  apparent,  because  the 
true  scaling  of  the  CARS  signal  Involves 
a  consideration  of  llnewldtha  and  con¬ 
structive/destructive  Interferences  be¬ 
tween  lines. 


Fig.  15  Resonant  CARS  spectrum  ob¬ 
tained  for  u)j  tuned  to  Qj(14). 


The  resonant  CARS  spectra  obtained 
for  the  P  i  ( 9 )  and  Qi(14)  reonances  are 
incomplete  with  respect  to  the  predicted 
CARS  spectra  of  Pigs  (8)  to  (10).  They 
are  Incomplete  In  the  sense  that  the 
outermost  lines  are  not  observed  In  the 
experiment,  because  of  the  limited  spec¬ 
tral  tuning  range  of  <u2  •  The  spacing 
between  these  components  la  2B  (2J  +  1), 
where  B  Is  the  rotational  constant  for 
OH,  approximately  19  cm*1.  Hence,  for 
high  J  values,  the  separation  can  be 
several  hundred  wavenumbers  and  far  be¬ 
yond  the  tuning  range  of  a  single  laser 
dye.  For  these  reasons.  It  was  decided 
to  move  " i  toward  resonances  with  lower 
J  values,  namely,  Qt(4)  and  Q  j(2).  Ex¬ 
amples  of  resonant  CARS  spectra  for  these 
two  cases  are  shown  in  Figs.  (16)  and 
(17)  respectively.  As  may  be  seen 


Fig.  17  Resonance  CARS  spectrum  for  to 
tuned  to  Qj( 2)  . 


the  scans  cover  a  reasonably  wide  fre¬ 
quency  range.  In  excess  of  300  cm*1. 

For  the  case  of  the  Qj(4)  spectrum,  con¬ 
siderable  structure  may  be  seen  to  the 
left  of  the  water  CARS  bandhead.  These 
lines  have  not  yet  been  Identified  as 
positively  originating  from  OH,  however. 
For  the  Q j ( 2 )  resonance  CARS,  some  struc¬ 
ture  is  observed  to  the  right  of  the 
strong  central  OH  resonant  CARS  band,  at 
approximately  the  proper  spacing.  This 
structure  does  not  consist  of  a  single 
line,  but  also  exhibits  some  satellite 
lines,  contrary  to  theoretical  predic¬ 
tion. 

A  preliminary  exploration  of  satura¬ 
tion  was  made  by  reducing  the  intensity 
of  the  j  beam  with  fused  silica  flats 
and  partially  reflecting  UV  mirrors.  The 
maximum  attenuation  so  obtained  was  a 
factor  of  5.5.  In  order  to  obtain  a  rea¬ 
sonable  signal  strength  at  this  level  of 
a t tenua t ion ,  the  PMT  supply  voltage  was 
increased.  The  results  of  this  test  are 
shown  in  Fig.  (18).  Note  that  there  is  a 


considerable  change  In  the  shape  of  the 
OH  apectrua  and  In  the  number  of  lines. 
Note  also  that  the  water  CARS  apectrua  is 
barely  discernible  in  the  attenuated  u>; 
apectrua.  The  increased  gain  required  to 
maintain  the  saae  signal  level  was  ap¬ 
proximately  10;  because  the  CARS  signal 
acalea  as  the  square  of  the  u;  power,  a 
reduction  of  about  30  should  have  been 
seen.  This  observation,  along  with  the 
change  in  shape  is  evidence  that  satura¬ 
tion  aust  be  considered.  A  more  thorough 
study  is  called  for;  one  which  also  in¬ 
cludes  attenuation  of  the  laser  beam 

to  determine  if  both  laser  beams  can  con¬ 
tribute  to  saturation  of  the  resonant 
CARS  process. 

Finally,  an  initial  study  of  the 
sensitivity  of  the  resonant  CARS  spectrum 
to  changes  in  concentration  was  perforaed 
by  changing  the  height  of  the  incident 
CARS  laser  beams  relative  to  the  height 
of  the  burner  surface.  The  results  are 
shown  in  Fig.  19.  where  spectra  for  0.5 


Fig.  19  Variation  of  the  resonant  CARS 
spectrum  with  change  in  laser 
beam  height  relative  to  burner 
surface. 


ca  lncreaents  are  displayed.  The  scans 
shown  cover  just  the  spectral  region  of 
the  water  and  OH  CARS  bands.  Clearly, 
the  OH  concentration  decreases  as  the 
CARS  beaas  are  aoved  away  from  the  burner 
surface;  at  the  saae  time,  the  water  con¬ 
centration  appears  to  be  Increasing 
slowly.  At  the  largest  aeparatlon,  2 
ca  ,  there  is  still  aoae  indication  of 
OH,  as  a  modulation  on  the  background. 
Future  studies  will  Involve  a  detailed 
calibration  of  the  concentrations  of  both 
OH  and  water  throughout  the  flame,  as 
well  as  the  temperature  distribution,  so 
that  resonant  CARS  as  a  quantitative  diagnostic 


aay  be  properly  assessed.  Saturation  aay  prove  to 
be  a  problem  for  quantitative  measurements;  however 
even  in  the  case  of  saturation,  it  may  be  possible 
to  construct  a  working  curve  of  concentration  vs- 
signal  strength. 


Conclusions 

Electronically  resonant  CARS  of  the 
OH  radical  has  been  demonstrated  in  a  very 
hot  ae thane/oxygen  flame.  The  resonant 
CARS  apectrua  was  generated  by  use  of  two 
frequency-doubled,  pulsed,  narrowband  dye 
lasers,  one  of  which  was  tuned  and  then 
fixed  on  a  selected  OH  X-A  transition, 
while  the  other  other  was  scanned  over  the 
appropriate  range.  The  OH  resonant  CARS 
signal  is  strong  compared  to  the  water 
CARS  spectrum,  even  though  water  is  much 
more  abundant  than  OH  in  the  flame.  Res¬ 
onant  CARS  was  observed  for  several  dif¬ 
ferent  electronic  resonances  and  was  quite 
S'  ..aitive  to  precise  tuning.  The  theory 
of  resonant  CARS  in  the  OH  radical  has 
been  treated  and  the  predicted  appearance 
of  OH  resonant  CARS  spectra  presented. 
Saturation,  for  which  there  is  some  ex¬ 
perimental  evidence,  has  not  been  in¬ 
cluded  in  the  theory  yet.  Agreement  be¬ 
tween  theory  and  experiment  is  good,  ex¬ 
cept  for  the  experimental  observation  of 
satellite  structure  about  the  central 
line,  probably  caused  by  colllslonal  re¬ 
distribution  of  population  in  rotational 
energy  levels.  The  variation  of  the  res¬ 
onant  CARS  spectrum  as  a  function  of  la¬ 
ser  beam  height  in  the  flame  was  observed 
and  offers  promise  that  resonant  CARS  may 
be  applicable  to  quantitative  measure¬ 
ments.  Future  studies  will  Involve  re¬ 
finement  of  the  theory  to  Include  satu- 
rstlon,  further  experimental  work  to 
assess  the  feasibility  of  making  quanti¬ 
tative  aeasureaents  in  a  flame,  a  thor¬ 
ough  exploration  of  saturation  effects, 
aeasurement  of  the  resonance  enhancement 
factor,  and  precise  spectral  line  posi¬ 
tions.  Another  Interesting  possibility 
which  aust  be  explored  is  that  of  pres¬ 
sure-induced  extra  resonances  in  four-wave 
alxlng  processes  such  as  CARS,  a  so-called 
PIER-A  process.18  Additionally,  triple 
resonances  will  be  searched  for,  if  a 
theoretical  survey  suggests  that  there  are 
promising  possibilities. 
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Abstract 

CARS  (coherent  anti-Stokes  Raman  spectroscopy)  Is  a 
nonlinear  spectroscopic  technique  capable  of  making  remote 
highly  accurate  measurements  of  temperature  and  concentra¬ 
tion  which  are  both  temporally  and  spatially  precise.  In 
extremely  difficult  environments  such  as  internal  combus¬ 
tion  engines  and  gas  turbine  exhausts.  A  major  disadvan¬ 
tage  of  CARS  methods  Is  that  application  Is  limited  to 
those  species  whose  concentration  is  1  Z  or  greater.  In 
order  to  extend  CARS  detectivity,  electronically  resonant) 
enhanced  CARS  can  be  employed,  whereby  one  of  the  CARS  la¬ 
ser  frequencies  Is  selected  to  be  resonant  with  an  elec¬ 
tronic  transition.  TMb  results  in  a  large  signal  enhance 
ment  (possibly  several  orders  of  magnitude).  This  paper 
reports  the  results  of  applying  resonant  CARS  to  the  detec 
tlon  of  the  hydroxyl  radical  in  a  methane/oxygen  flame. 
Both  the  theory  of  electronically  resonant  CARS,  predicted 
spectra,  and  the  experimental  procedure  are  described  In 
detail.  The  variation  of  the  resonant  CARS  spectra  with 
different  choices  of  electronic  resonance  Is  shown.  A  pre¬ 
liminary  demonstration  of  saturation  Is  also  Illustrated, 
as  Is  the  correlation  of  the  resonant  CARS  spectrum  with 
dependence  of  OH  concentration  on  flame  height. 

Introduction 

CARS  (coherent  anti-Stokes  Raman  spectroscopy)  is  a 
nonlinear  optical  process  wherein  three  optical  fields  are 
combined  in  a  material  medium  to  generate  a  fourth  optical 
field.  AS  conventionally  employed,  two  laser  frequencies, 
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u^(the  pump  beam)  and  (^(the  Stokes  beam),  are  mixed 
to  produce  the  CARS  frequency,  aj ^ ,  which  appears  as  a 
coherent,  collimated  beam.  This  is  illustrated  in  Fig.  la. 
The  CARS  signal  is  large  and  easily  detected  (even  in  the 
prescence  of  particles  or  a  highly  luminous  background) 
when  the  frequency  difference  between  the  two  input  fre¬ 
quencies  corresponds  to  a  Raman-active  molecular  vibration 
or  rotation  (or  an  electronic  transition).  Because  CARS  is 
a  coherent,  nonlinear  process,  laser  beams  are  required  to 
provide  the  proper  phases  of  the  optical  fields  in  time  and 
space,  and  the  high  intensity  to  enhance  the  nonlinear 
aspect  of  the  process.  Usually,  high-peak  power  pulsed  la¬ 
sers  are  employed  to  generate  CARS,  particularly  for  com¬ 
bustion  diagnostic  applications.  Photon  energy  is  conser¬ 
ved  in  the  CARS  process  (in  contrast  to  the  Raman  effect), 
as  illustrated  in  Fig.  lb.  Mote  that  Wj  >  ojj .  Fig. 
lc  exhibits  two  distinct  methods  of  generating  a  CARS 
spectrum.  One  of  these  methods  is  to  employ  a  broadband 
(100  cm-1  wide)  Stokes  laser,  which  results  in  the  gener¬ 
ation  of  the  entire  CARS  spectrum  of  Interest  from  each 

laser  shot.  This  particular  method  is  very  useful  for  com¬ 
bustion  diagnostics  because  single-shot  (typically  10  nsec) 
thermometry  can  be  performed.  The  second  method  uses  two 
narrowband  laser  and  tunes  one  of  these,  generating  the 
CARS  spectrum  by  scanning.  It  is  this  second,  scanned  tech¬ 
nique  which  is  utilized  to  generate  resonantly  enchanced 
CARS,  by  scanning  while  holding  fixed  on  an 
electronic  transition. 

CARS  applications  are  diverse  and  too  numerous  to  cata¬ 
log  in  detail  here.  It  is  an  Important  spectroscopic  tech¬ 
nique  well-suited  for  fundamental  studies  of  molecules, 


c )  Broadband 

/\  I  -A 

u)j  u.'i  u>3 

Fig.  1  Schematic  diagram  Illustrating  the  basic  concepts  of 
CARS  spectroscopy. 
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large  and  small.  CARS  has  been  repeatedly  demonstrated  to 
be  a  superior  technique  for  remote  diagnostics  for  combus¬ 
tion  research,  on  both  a  laboratory  scale  and  for  large- 
scale  practical  devices.  Examples  include  CARS  temperature 
and  concentration  measurements  In  sooty  flames, 1  plasmas. 
Internal  combustion  engines,  and  gas  turbine  engines. 

The  theory  and  application  of  CARS  have  been  extensively 
reviewed;  these  reviews  may  be  consulted  for  detailed  de¬ 
script  Ions.5”' 

A  major  disadvantage  of  CARS  diagnostics  methods  Is 
that,  at  atmospheric  pressure,  they  are  limited  in  applica¬ 
tion  to  species  whose  concentration  is  about  1  X  or  grea¬ 
ter.  A  means  of  overcoming  this  limitation  is  to  enhance 
the  CARS  signal  through  electronic  resonance.  Recall  that 
the  normal  CARS  process  is  vlbrationally  resonr-t;  if  in 
addition,  one  of  the  input  CARS  frequencies  Is  resonant 
with  an  electronic  transition,  a  large  Increase  in  the  CARS 
signal  occurs.  This  increase  can  be  a  factor  of  several 
hundred  over  the  normal  CARS  effect.  Electronlcally-reso- 
nant  CARS  (resonant  CARS  for  short)  has  been  observed  for 
several  large  molecules  in  solution  phase;  however,  to 
date,  only  a  limited  number  of  molecules  have  been  observed 
to  exhibit  resonant  CARS  in  the  gaseous  phase,  namely 
I2®,  N02  ,  and  most  recently,  C2  .  The  reason 
for  this  limited  application  in  gas  phase  Is  clear;  there 
are  very  few  simple,  small  molecules  which  absorb  visible 
llght(where  dye  lasers  work  efficiently).  Indeed, the  last 
cited  case,  C2,  is  a  radical  which  must  be  generated  In  a 
flame  or  a  microwave  discharge. 10 

The  hydroxyl  radical  was  chosen  for  study  at  thi6  labo¬ 
ratory  because  of  its  ubiquitous  presence  and  extreme 
Importance  in  combustion  chemistry.  OK  enters  into  the 
oxidation  mechanisms  of  nearly  all  hydrogen-containing 
fuels,  and  plays  an  essential  role  in  the  combustion 
reaction  pathways  of  most  types  of  hydrocarbons. 

Hydroxyl  radical  reactions  are  usually  very  rapid  (because 
OH  Is  a  radical,  activation  energies  are  small)  and  OH 
often  enters  Into  explosive  chain  reactions.  OH  Is  also 
Important  in  atmospheric  chemistry  and  has  been  implicated 
In  acid  rain  formation  from  nitrogen  and  sulfur  oxides. 

For  these  Important  reasons,  It  is  Important  to  be  able  to 
detect  and  measure  the  concentration  of  the  OH  radical  In 
difficult  environments. 

Optical  methods  presently  employed  to  measure  OH  con¬ 
centrations  are  UV  absorption  spectroscopy  and  laser- 
induced  fluorescence  spectroscopy  (LIFS).  The  absorption 
method  is  readily  applied  and  useful  where  spatial  resolu¬ 
tion  Is  not  required.  Even  where  applicable,  gradient  and 
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edge  effects  can  degrade  absorption  measurement  accuracy. 
LIFS  Is  a  point  measurement  technique  which  enjoys  good 
success  in  carefully  controlled  laboratory  devices  opera¬ 
ting  cleanly  at  low  pressure.  1  However,  in  practical 
combustion  environments,  fluorescence  methods  can  suffer 
from  interferences,  such  as  fluorescence  from  other  species 
and  from  laser-induced  particle  incandescence.  The  major 
problem  with  fluorescence  techniques  is  collisional  quench¬ 
ing,  particularly  for  application  in  high  pressure 
devices.  In  contrast,  CARS  diagnostic  measurements  have 
been  demonstrated  in  several  practical  combustion  systems 
such  as  highly  luminous  sooting  flames,  Internal  combustion 
engines,  gas  turbine  combustors,  solid  propellant  flames, 
and  alumina  particle  liden  flows.  The  principal  reason  for 
the  success  of  CARS  in  these  very  difficult  combustion 
systems  is  the  fact  that  the  CARS  signal  emerges  as  a  co¬ 
herent  beam,  all  of  which  can  be  captured.  This  provides  a 
unique  advantage  over  incoherent  techniques,  such  as  fluo¬ 
rescence,  particularly  when  the  optical  access  is  limited. 
Because  CARS  methods  have  proven  superior  in  these  types  of 
environment,  it  is  essential  to  extend  the  sensitivity  for 
CARS  to  radicals  such  as  OH. 

In  the  sections  which  follow,  the  progress  on  applica¬ 
tion  of  resonant  CARS  to  the  detection  of  OH  is  described. 
The  effort  at  UTRC  has  been  and  continues  to  be  a  combined 
theoretical  and  experimental  program.  The  first  section  is 
a  basic  primer  on  OH  spectroscopy,  required  for  application 
of  resonant  CARS.  Following  this  section  is  a  presentation 
of  the  theory  of  resonant  CARS  with  predicted  resonant  CARS 
spectra  for  comparison  with  experimental  spectra.  Issues 
of  saturation  and  rotational  state  redistribution  are  not 
considered  because  they  are  so  difficult  to  model.  A  de¬ 
scription  of  the  experimental  apparatus  employed  follows 
the  theoretical  section.  The  results  of  the  experiments  to 
date,  are  presented  mainly  through  display  of  the  resonant 
CARS  spectra  obtained  from  different  Wj  electronic  reso¬ 
nances,  variation  of  incident  laser  power,  and  changing  the 
laser  beam  height  relative  to  the  burner  surface.  Conclu¬ 
sions  reached  from  these  Investigations,  and  plans  for 
future  studies  are  given  in  the  final  section. 

Spectroscopy  of  the  Hydroxyl  Radical 

It  is  essential  to  understand  the  electronic,  vibra¬ 
tional,  and  rotational  aspects  of  OH  spectrosopy  in  order 
to  wisely  select  the  resonant  CARS  pump  laser  frequency, 
cu  j  •  Once  uij  has  been  chosen,  the  Stokes  frequency, 
cu2»  is  determined  by  the  OH  vibrational  shift.  The 
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spectral  positions  of  the  excitation  frequencies,  although 
a  matter  of  some  choice,  depends  strongly  on  the  laser  dyes 
available  which  yield  high  second-harmonic  conversion 
efficiency  in  the  appropriate  region  of  the  ultraviolet. 

The  spectroscopy  of  the  OH  radical  is  rather  complica¬ 
ted  for  a  diatomic  molecule.  This  complexity  arises  mainly 
from  the  unpaired  electron  spin  and  the  non-zero  orbital 
angular  momentum  of  the  electronic  ground  state.  Without 
going  into  fine  detail,  the  result  of  spin-orbit  coupling 
is  a  2n  electronic  ground  state  which  is  split  by  ca. 

126  cm”1.  This  2n  state  is  inverted  with  the  11  ■  3/2 
state  lying  below  the  1/2  state.  Following  Dieke  and 
Crosswhite, 12  these  states  are  designated  and  F2 
respectively,  and  are  shown,  along  with  the  first  excited 
state,  2I  ,  in  Fig.  2.  The  splitting  between  the  upper 
state  components  fj  and  f^  is  exaggerated  to  illustrate 
the  strongly  vs  weakly  allowed  transitions  from  the  ground 
electronic  state  (generic  label,  X)  to  the  first  excited 
state(A).  Also  shown  in  this  figure  are  the  vibrational 
and  rotational  transitions  from  X  to  A.  There  are  no  vib¬ 
rational  selection  rules  for  electronic  transitions,  but 
the  Franck-Condon  principle  governs  the  strength  of  the 
vibronic  transitions  as  the  middle  figure  indicates.  Note 
that  the  convention  on  labeling  states  is  v'  for  the  upper 
state  and  v"  for  the  lower.  Moreover,  a  particular  transi¬ 
tion  is  designated  as  v',v";  hence,  the  1-0  vibronic  trans¬ 
ition  implies  a  transition,  in  either  absorption  or  emis¬ 
sion,  between  v'  ■  1  of  the  A  state  and  v"  -  0  of  the  X 
state.  For  the  case  of  a  2n  state  the  rotational  selec¬ 
tion  rule  permits  AJ  •  0,  ±1;  therefore  Q,  P  and  R  rota¬ 
tional  branches  are  oberved  as  shown  in  Fig.  2.  Note  also 
that  the  quantum  number  J  for  this  case  is  the  total  angu¬ 
lar  momentum;  l.e.,  the  sum  of  the  orbital  angular  momen- 
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Fundamental  apectroscoplc  considerations  for  the  OH  radical. 
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turn,  fl  ,  and  t  ie  me  hanical  angular  momentum  of  the  mole¬ 
cule,  N.  For  this  reason,  J"  Is  half-integral  and  has  an 
initial  value  of  3/2, 

If  one  excludes  the  rotational  fine  structure  and  exa¬ 
mines  only  the  vibronic  structure  of  the  X  to  A  transition 
of  OH,  a  plot  of  vibronic  bandheads  results,  as  shown  in 
Fig.  3.  This  spectrum  is  extremely  Important  because,  in 
conjunction  with  Fig.  4,  the  relative  output  of  conven¬ 
tional  laser  dyes,  it  was  used  to  determine  the  optimum 
vibronic  band  for  the  resonant  CARS  pump  frequency, 

The  choice  of  the  1-0  band  was  made  because  it  places 
in  the  region  of  the  very  efficient  laser  dye,  rhodamine 
590,  so  that  reasonable  second  harmonic  power  can  be  ob¬ 
tained.  The  Stokes  frequency,  u^,  is  required  to  lie  in 
the  range  3000-3500  cr~*  to  the  low  frequency  side  (high 
wavelength)  of  ujj.  According  to  Fig.  4,  the  laser  dye 
DCM  covers  the  required  range  nicely,  with  good  energy  con¬ 
version.  It  must  be  noted  that  the  0-0  band,  at  307  ntn, 
much  exploited  for  laser  Induced  fluorescence,  appears  to 
be  a  poor  choice  for  cu,  because  both  of  the  laser  fre¬ 
quencies  would  lie  on  tne  opposite  edges  of  the  DCM  curve 
and  the  second  harmonic  power  would  be  quite  low. 

The  complete  rotational  structure  of  the  0-0  and  1-0 
bands  is  shown  in  Fig.  5.  This  is  the  superposition  of  the 


P,  Q,  and  R  branches  arising  from  both  components  of  the 
FT  electronic  ground  state.  In  order  to  distinguish 
these  components  a  subscript  1  or  2  is  used  for  transitions 
from  or  to  the  Fj  or  F,  states,  respectively.  This  no¬ 
tation  is  illustrated  In  the  next  figure,  Fig.  6,  which 
shows  a  portion  of  the  1-0  band  greatly  expanded.  It  is 
noted  that  there  is  considerable  spacing— 5  to  10  cm”’^  — 


between  lines  such  as  Qj(14)  and  P^(9)  in  this  region. 

A  single  transition  is  easily  selected  because  the  fre¬ 
quency  bandwidth  of  the  dye  laser  is  less  than  0.3  cm-1. 


Wavelength,  A 


Fig.  3  Vibronic  bandheada  for  the  A  to  X  transition  of  OH. 
Acetylene/oxygen  flame  at  3000  K.  Adapted  from  Dieke  and  Croea- 
vhlte,  Ref.  12. 
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In  this  region  of  the  spectrum,  10  cm”*  corresponds  to 
about  0.1  nm.  The  two  transitions  mentioned  were  employed 
for  the  first  observation  of  resonance  CARS  in  OH. 

Resonant  CARS  Theory 

The  traditional  approach  to  interpretation  of  reso¬ 
nance  CARS  spectra  has  been  to  employ  the  general,  48  term 
expression  for  the  third-order  electric  susceptibility  that 
has  been  derived  by  several  authors.  * 13  This  expression 
has  been  obtained  either  algebraically,  using  a  perturba¬ 
tion  expansion  solution  of  the  density  matrix  equation  of 
motion,  or  diagrammatically ,  using  "doubled"  Feynman  dia¬ 
grams. 

Both  approaches  yield  equivalent  results.  The  com¬ 
plete  expression,  showing  all  terms,  has  been  presented  by 
Bloembergen,  Lotem,  &  Lynch.13  Certain  of  the  terms  con¬ 
tain  vlbrationally  resonant  denominators  which  cause  them 
to  be  large  when  the  frequency  difference  between  the  Pump 
and  Stokes  sources  encroaches  upon  Raman-active  vibration&j 
modes.  If  all  other  terms  are  lumped  into  the  nonresonar , 
background  susceptibility,  Xj^,  then  the  third-order 

electric  susceptibilty  may  be  expressed  as  a  sum  of  this 
nonresonant  term  and  a  vlbrationally  resonant  term  which  is 
a  summmation  of  contributions  from  all  Raman-active  modes. 
That  is  (Druet,  et  al.), 

x”W  ■  x„, ♦  x  xj°  a) 

0,6 

where  a  and  b  represent  the  initial  and  final  vibration-ro¬ 
tation  quantum  numbers  of  a  particular  Raman  transition 
whose  contribution  to  the  resonant  part  of  the  susceptibi- 
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Fig.  4  Second  harmonic  conversion  of  some  typical  laser  dyes 
using  a  532  no  pump  laser  vlth  200  skj/pulse.  The  dyes  shown  are: 
1,  Exclton  R590;  2,  Exclton  R610;  3,  Exclton  Klton  Red;  4,  Excl- 
ton  640;  5,  Exclton  DCM.  Source,  Quanta-Ray,  Inc. 
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11 ty  can  be  expressed  as 


x(3)-_N_ _ I  3.  /  Pvfhfb  ,  Mon'Mn'b  \ 

ob"lS3  (wbfl-«,+w2  -irb#>  n*  Wo-w3-‘lVa  wn'b+w34 'IVb  / 

Xl^°°  ^n,^ao^2-ir„0  "i»o~wr,rn« ' 

~  I(Abb-A^)  - \1  (2) 

„  bb  nn' Iw^-wj  +  irn,,  <*>nb*w,-Mrnb  /  ] 


In  Eq.  2,  N  represents  the  OH  number  density,  u  de¬ 
notes  frequency;  .*  denotes  pressure-broadened  Iinewi.th; 
p,  Boltzmann  population;  and  /a, electric  dipole  matrix 
element,  n  and  n'  represent  excited  electronic  states  of 
the  molecule,  and  it  is  apparent  from  examination  of  the 
denominators  in  Eq.  2  that  electronic  resonant  enhancement 
will  occur  if  either  ujj,  oj 2 >  or  t o-j  coincides  with 
an  allowed  electronic  transition.  It  Is  also  apparent  that 
selecting  the  pump  frequency  resonant  with  a  particular  a-n 
electronic  transition  "picks  out"  a  particular  initial 
ground  vibration-rotation  state  a,  making  it  possible  to 
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Fig.  5  Theoretical  "stick"  spectra  of  the  0-0  and  1-0  bands  of  the 
A-X  transition  In  OH. 
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Ignore  Che  contributions  of  all  other  initial  Raman  states 
In  the  ground  electronic  vibrational  manifold.  Because  the 
term  which  contains  the  denominator  resonant  in  w 2  la 
proportional  to  the  population  p  ^  of  the  upper  state  in 
the  Raman  transition,  it  is  reasonable  to  expect  that  its 
contribution  will  be  small,  particularly  for  a  molecule 
like  OH  with  a  very  large  vibrational  spacing.  The  rules 
for  Interpretation  of  resonant  CARS  spectra  in  terms  of  Eq. 
2  have  been  discussed  at  length  in  the  literature,  with 
successful  application  to  I2* »  ^0,  and  C21  • 

One  notes  that  if  the  pump  frequency  is  made  to  coin¬ 
cide  with  the  frequency  of  a  particular  electronic  transi¬ 
tion  a-n,  and  the  Stokes  frequency  is  tuned  to  sweep  out 
the  range  of  Raman  frequencies,  there  will  be  double  reso¬ 
nances  which  occur  when  -  tu  2  “  w  ab*  or  w3  * 
wan<,  and  the  possibility  of  triple  resonances  when 

W1  m  wan>  '  u2  "  w«b>  and  u3  “  wan" 

The  criterion  for  the  occurrence  of  a  triple  resonance  is 

that  the  transitions  a-n  and  a-n'  be  optically  allowed  and 
that  ouab  -  w  /.  While  the  triple  resonances  do 
occur  in  molecules  like  I2  and  C2  with  closely  spaced 
vibration-rotation  states,  they  are  expected  to  be  extre- 
ly  improbable  in  a  molecule  like  OH  with  very  large  spa¬ 
cing  between  levels.  If  two  distinct  pump  sources  with 
slightly  different  frequencies  are  employed,  then  a  triple 
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Pig.  6  High  resolution  "stick"  spectrum  of  OH  expanded  about 
the  Pj(9)  line  of  the  1-0  band. 
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resonance  can  be  achieved  in  OH,  but  in  general  they  should 
not  be  expected. 

The  electronic  and  vibrational  spectroscopy  of  OH  has 
been  discussed  previously.  In  the  electronic  absorption  or 
emission  spectrum,  P,  Q,  and  R  branches  are  allowed,  making 
possible  12  branches.  However,  the  six  satellite  branches 
in  which  the  Fj  or  F2  designation  changes  will  be  rela¬ 
tively  weak,  leaving  six  main  branches.  In  OH  vibrational 
spectroscopy  0,  P,  Q,  R,  and  S  transitions  are  allowed. 

The  weakness  of  the  satellite  branches  in  the  electronic 
spectrum  means  that  vibrational  transitions  in  which  the 
Fj  or  F2  designation  changes  can  also  be  ignored.  By 
examination  of  Eq.  2,  and  considering  the  selection  rules 
for  electronic  and  rotational  transitions  which  must  be 
obeyed  for  the  resonant  CARS  process,  it  is  possible  to 
specify  the  types  of  resonances  which  will  give  rise  to  the 
spectral  features  in  electronically  resonantly  enhanced  OH 
CARS.  As  an  example,  if  u  ^  is  tuned  to  a  Q-branch  tran¬ 
sition,  then  P,  Q,  and  R  Raman  resonances  will  be  observed, 
and  the  anti-Stokes  term  will  be  contributed  by  a  Q-transi- 
tlon.  This  is  illustrated  in  Fig. 7.  The  general  rules 
are  illustrated  in  Table  1. 

The  fundamental  interpretation  of  the  resonant  CARS 
spectrum  of  OH  therefore  involves  straightforward  counting 
of  resonances,  and  it  is  anticipated  that  the  spectrum  will 
consist  of  contributions  from  "double  resonances".  De¬ 
tailed  calculations  which  will  be  discussed  later  show  that 
double  resonances  of  the  a-n,  a-n'  type  will  make  little 
contribution,  and  that  the  primary  features  are  accounted 
for  by  a-n,  a-b  double  resonances.  Hence,  one  expects  the 
resonant  CARS  spectrum  of  OH  to  consist  of  triplets  if  only 
the  vibrational  fundamental  (v«0  to  v-1)  and  no  vibrational 
overtones  (  Av  >  1)  are  considered. 

In  order  to  perform  quantitive  evaluations  of  Eq.  2,  it 
is  necessary  to  have  accurate  Bpectroscoplc  Information 
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Fig.  7  Energy  level  diagram  ahowlng  the  origin  of  the  triplet 
atructure  of  the  reaonant  CARS  apectrum. 
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about  vibration-rotation  energy  levels  in  the  ground  (X) 
and  upper  (A)  electronic  states,  as  well  as  values  for  the 
electronic  transition  dipole  matrix  elements.  Fortunately, 
extensive  investigations  of  this  molecule  have  provided  a 
great  deal  of  information  about  these  quantities.  Specifi¬ 
cally,  tabulations  of  vibration-rotation  energy  levels  have 
been  published  by  Coxon,  4  and  the  absolute  values  of  the 
electric  dipole  matrix  elements  can  be  deduced  from  the 
theoretical  investigations  of  Chidsey  and  Crosley.15  Va¬ 
lues  for  the  pressure-broadened  llnewidths  also  are  needed, 
but  reasonable  estimates  can  be  made  here.  Llnewidths  will 
be  of  great  concern  only  if  significant  llne-to-line  varia¬ 
tions  are  expected;  at  the  extremely  high  gas  temperatures 
of  main  Interest  in  these  investigations  there  are  reasons 
for  expecting  this  not  to  be  the  case.  There  is  also  a 
question  of  the  pr^-.-r  phase  to  choose  for  the  electric  di¬ 
pole  matrix  elements,  because  Franck-Condon  factors  are  in 
general  complex  quantities.  As  Druet,  et  al.  ,  have 
shown,  the  phase  of  the  Franck-Condon  factor  is  not  of  con¬ 
cern,  if  only  one  vibrational  state  in  the  upper  A  state 
contributes  to  the  anti-Stokes  summation  in  Eq.  2.  Indeed, 
this  is  the  case  in  OH. 

Using  the  energy  level  tabulations  of  Coxon,  and 
the  Einstein  A-coef flclents  of  Chidsey  and  Crosley,  the 
absorption  spectrum  of  the  1-0  A-X  system  has  been  synthe¬ 
sized  from  the  following  expression  for  line  Intensity16 


vV  1 

Vj-lTTex-cv* 


-l.44E"/T 


(3) 


where  i/  Is  the  transition  frequency  and  E"  Is  the  energy 
In  the  ground  state.  Because  the  satellite  bands  have  been 
Ignored,  six  bands  (two  each  of  P,  Q,and  R)  contribute  to 
the  synthetic  spectrum  shown  previously  (Fig.  5).  The 
R-bands  show  the  expected  reversal  at  higher  values  of  ro¬ 
tational  quantum  number.  The  1-0  system  has  been  chosen  for 
this  calculation  because  our  experiments  have  been  conduc¬ 
ted  with  the  pump  source  frequency  chosen  to  coincide  with 
those  of  various  lines  In  this  system,  for  the  reasons  dis¬ 
cussed  In  the  section  on  OH  spectroscopy.  A  high  resolu¬ 
tion  predicted  spectrum  was  illustrated  above  (Fig.  6). 

In  order  to  synthesize  the  resonant  CARS  spectrum  of 
OH,  electric  dipole  matrix  elements  were  computed  by  em¬ 
ploying  the  rovlbratlonal  transition  probabilities  of 
Chidsey  and  Crosley.1*  and  the  rotational  line  strength 
formulas  of  Earls.  The  complicated  expression  (Eqs.  1 
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frequencies  calculated.  The  resulting  anti-Stokes  frequen¬ 
cies  were  then  compared  to  the  frequencies  of  the  allowed 
transitions  in  the  2-0  manifold.  This  computer  search  con¬ 
firmed  the  earlier  expectation  that  no  close  triple  reso¬ 
nances  can  be  expected.  The  closest  coincidence  was  about  4 
cm-1  for  the  pump  tuned  to  the  P^(13)  transition;  no 
great  enhancement  Is  expected  because  the  Boltzmann  popula¬ 
tion  factor  for  this  transition  is  relatively  small  for  the 
range  of  gas  temperatures  of  Interest. 

Sample  CARS  calculations  are  presented  in  Figs.  8  and 
9  for  the  pump  tuned  to  various  1-0  A-X  transitions.  In 


Table  1  Allowed  resonant  CARS  transitions 


Pump  tuned  Allowed  Raman  Contributing 

to  resonances  as  anti-Stokes 

Stokes  la  tuned  transition 


Q  P.Q.R  Q 

p  O.P.Q  P,R 

R  Q.R.S  P.R 
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each  case,  a  triplet  is  predicted;  each  sharp  feature  in 
the  spectrum  represents  a  double  resonance  of  the  type  a-n, 
a-b.  The  relative  strengths  of  the  features  are  determined 
by  the  matrix  elements  which  occur  in  Eq.  2,  and  also  by 
the  anti-Stokes  denominators  in  that  expression.  Although 
no  triple  resonance  is  represented  here,  6ome  of  the  Raman 
resonances  are  associated  with  anti-Stokes  frequencies  that 
lie  much  closer  to  anti-Stokes  resonances  (in  the  2-0  A-X 
system)  than  others,  and  are  accordingly  enhanced.  The 
relatively  weak  features  in  Figs.  8  and  9  correspond  to 
Raman  resonances  whose  anti-Stokes  frequencies  lie  rela¬ 
tively  far  from  the  allowed  anti-Stokes  resonances.  The 
large  rotational  constant  (B  ■  19  cm-1)  of  OH  gives  rise 
to  the  very  large  separations  between  outer  lines  that  are 
evident  in  Figs.  8  and  9.  This  separation  decreases  for 
lower  values  of  J  probed  by  the  pump  laser,  as  evident  by 
comparing  the  magnitudes  of  the  outer  line  separations  in 
Figs.  8  and  9. 

The  interpretation  of  the  resonant  CARS  spectrum  of  OH 
in  terras  of  third-order  perturbation  theory  thus  results  in 
the  prediction  of  a  rather  simple  spectrum  consisting  of 
well-separated  triplets.  As  has  been  emphasized  by  Druet 
and  co-workers,  the  perturbation  expression  (Eq.  1)  for 
the  third-order  susceptibility  will  not  be  applicable  if 
the  pump  or  Stokes  powers  give  rise  to  appreciable  satura¬ 
tion.  As  will  be  seen,  there  is  evidence  of  saturation  in 
the  experimental  spectra  obtained  in  these  investigations, 
and  this  may  preclude  a  simple  interpretation  of  the  exper¬ 
imental  results.  Under  such  conditions,  corrective  terras 
can,  in  principle,  be  applied  (Druet,  et  al.  8).  But  a 
better  theoretical  approach  might  be  along  the  lines  of  the 
analysis  of  strong-field  effects  in  CARS  by  Wilson-Gordon, 
Klimovsky-Baird ,  and  Friedmann.  They  perform  a  full 
solution  of  the  density  matrix  equation  of  motion  for  a 
three  level  system,  and  obtain  analytical  solutions  in  var- 


Flg.  10  Schematic  diagram  of  the  resonant  CARS  experiment. 
Symbols  are  described  In  the  text. 
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lous  limiting  situations.  Equally  important  is  the  ques¬ 
tion  of  collisional  redistribution  of  population.  As  will 
be  seen,  the  experimental  results  do  confirm  the  basic 
triplet  structure,  but  there  is  additional  satellite  struc¬ 
ture  around  each  basic  component  of  the  triplet  that  is 
suggestive  of  collisional  transfer  to  adjacent  rotational 
states.  The  question  thus  arises  as  to  whether  rotational 
redistribution  within  the  upper  A  state  and/or  collisional 
electronic  quenching  to  the  ground  X  state  could  give  rise 
to  extra  coherences.  This  problem  may  have  connections 
with  the  "pressure-induced  extra  resonances"  that  have  been 
predicted  and  observed  by  Prior,  et  al.*®  An  interpreta¬ 
tion  of  these  extra  resonances  has  been  carried  out  by 
Grynberg,  9  who  employs  the  formalism  of  the  "dressed 
atom".  These  effects  are  areas  of  future  investigation  and 
are  in  the  forefront  of  resonant  CARS  theoretical  research. 

Experimental 

Several  important  factors  must  be  carefully  considered 
in  the  design  of  a  resonant  CARS  experiment  which  attempts 
to  detect  a  molecular  free  radical  in  the  gas  phase.  The 
problems  are  compounded  by  the  fact  that  the  OH  electronic 
transitions  lie  in  the  ultraviolet.  The  requirement  of 
working  in  the  UV  introduces  the  additional  complexities  of 
frequency  doubling  two  narrowband  tunable  dye  lasers,  wor¬ 
king  exclusively  with  fused  silica  optics,  manipulating  and 
detecting  ultraviolet  beams,  and  dealing  with  dichroic  mir¬ 
rors  and  filters  that  are  only  partially  effective  in  re- 


1-0  band  from  CH4/02  llama 


2S00A  2850  k 

Spactromatar  wavelength,  A 


Fig.  11  OH  eraision  spectrum  employed  for  calibration  purposes. 
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jectlon  of  unwanted  wavelengths,  while  at  the  same  time, 
severely  attenuating  the  desired  wavelength. 

The  configuration  conventionally  employed  for  resonant 
CARS  makes  use  of  two  tunable,  narrowband  dye  lasers  where¬ 
by  the  tjj  laser  Is  tuned  to  a  selected  electronic  reso¬ 
nance  and  held  fixed,  and  then  slowly  scanning  the  Stokes 
laser,  u^,  which  generates  the  resonant  CARS  spectrum, 

0)3.  The  experimental  configuration  employed  at  UTRC  is 
shown  schematically  in  Fig.  10.  The  two  tunable  narrowband 
dye  lasers,  DL-1  and  DL-2,  are  synchronously  driven  with 
the  second  harmonic  (532  nm)  of  a  Quanta-Ray  pulsed  neodym¬ 
ium  YAG  laser  (DCR-1)  operating  at  10  Hz.  The  partial 
mirror  (PM)  allots  about  40  percent  of  the  532  nm  radiation 
to  a  commercial  pulsed  dye  laser  (Quanta-Ray  PDL-1),  deno¬ 
ted  DL-2,  and  the  remaining  portion  to  a  homemade  dye  laser 
(DL-1)  of  the  Littmann  grazing-grating  configuration.20 
Each  dye  laser  consists  of  side-pumped  oscillator  and 
preamplifier  stages,  followed  by  an  end-pumped  amplifier 
stage.  Each  dye  laser  produces  laser  radiation  of  fre¬ 
quency  width  less  than  0.1  cm-1  and  energy  per  pulse  be¬ 
tween  10  and  20  mJ,  depending  upon  the  laser  dye  chosen. 

As  stated  previously,  the  outputs  from  both  dye  lasers 
must  be  frequency  doubled.  For  the  laser,  frequency 
doubling  is  a  trivial  task  and  requires  only  a  manually  ad¬ 
justable  second  harmonic  crystal,  FD,  in  the  figure.  How¬ 
ever,  because  Uj  is  scanned,  an  automatic  angle-tuned 
device  which  maintains  constant  output  power  of  the  second 
harmonic  frequency  as  the  fundamental  is  tuned,  must  be 
employed.  A  WEX-1 (Quanta-Ray)  performs  this  task  over  the 
fundamental  dye  laser  spectrum  at  scan  rates  in  excess  of 
0.05nm/s.  Second  harmonic  conversion  efficiency  appears  to 
be  about  10  %  for  both  lasers;  hence,  ultraviolet  energies 
are  between  1  and  2  mJ  per  pulse,  which  corresponds  to  peak 
powers  of  100  to  200  kW. 

The  two  ultraviolet  beams  are  combined  with  a  dlchrolc 
mirror  and  focussed  into  the  flame  in  the  collinear  CARS 
configuration.  The  beams  emerging  from  the  flame,  now  con¬ 
taining  the  CARS  frequency  also,  are  recollimated  and  di¬ 
rected  to  the  detection  system,  u.  and  u>2  are  par¬ 
tially  removed  with  the  dlchrolc  D-2  and  trapped  in  the 
trap,  T.  Because  the  dlchrolc  is  unsuccessful  in  completely 
removing  uij  and  u>2  from  W3,  the  three  beams  are 
spatially  separated  with  the  dispersing  prism,  DP.  The 
unwanted  beams  are  masked  out  and  ui  3  is  allowed  to  enter 
a  filtered  photomultiplier,  PMT.  The  reference  cell  leg  of 
the  experiment  is  derived  by  picking  off  25  X  of  the  inci¬ 
dent  beams  and  focussing  into  a  high  pressure  cell  and  de¬ 
tecting  the  nonre8onant(non-vlbratlonally  resonant)  CARS 
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Fig.  12  La6er-induced 
fluorescence  spectrum  forcuj 
tuned  to  the  Q,(4)  line  of  OH. 


Fig.  13  First  observation  of 
resonant  CARS  in  the  OH  radical, 
tijj  tuned  to  resonance  on  Pj(9). 


Fig.  14  Resonant  CARS  spectrum 
obtained  for  tuned  to  Qj(14). 


X3,  «3 

signal.  Unfortunately  the  reference  cell  leg  did  not  func¬ 
tions  as  well  as  anticipated!  hence  all  the  CARS  spectra 
displayed  below  are  uncorrected  for  laser  power  variation 
and  dye  laser  profile. 

A  most  essential  feature  of  the  experiment  Is  the 
emission/fluorescence  detection  arm  shown  perpendicular  to 
the  CARS  beams,  above  the  burner,  In  Fig.  10.  This  portion 
of  the  experiment  serves  to  calibrate  a  monochromator 
through  the  emission  spectrum  of  OH  from  a  methane/oxygen 
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flame,  obtained  with  the  aid  of  a  chopper  and  lock-in  de¬ 
tector.  As  as  example,  a  portion  of  the  1-0  emission  from 
OH  over  a  50  A  span  is  shown  in  Fig.  11.  A  few  of  the  ro¬ 
tational  lines  are  identitfied  for  illustration.  More 
importantly,  this  subsystem  serves  to  both  Indicate  when 
resonance  excitation  is  achieved,  and  to  Identify  the  par¬ 
ticular  transition  which  is  resonant.  This  is  done  by  re¬ 
cording  the  laser-induced  fluorescence  through  use  of  a 
boxcar  integrator  following  the  mo nochroma to r-PMT.  The  LIF 
spectrum  for  w,  exciting  the  Qj(4)  line  of  the  1-0 
band  of  OH  is  shown  in  Fig.  12.  This  type  of  spectrum, 
much  different  from  the  emission  spectrum,  clearly  and 
uniquely  lndentlfies  the  resonance  on  Qj(4)  because  of 
the  strong  fluorescence  from  Pj(4). 

The  burner  used  throughout  these  studies  consisted  of 
a  staggered  array  of  stainless  steel  capillary  tubes(0.125 
in  o.d.)  which  were  ground  flush  with  an  edge-cooled  brass 
plate  which  held  the  tubes  in  place.  The  matrix  of  alter¬ 
nating  fuel/oxidizer  tubes  was  surrounded  by  an  outer  layer 
of  tubes  which  provided  a  nitrogen  sheath  to  stabilize  the 
flame.  During  the  course  of  this  investigation,  a  methane- 
oxygen  flame  has  been  used  rather  than  the  more  temperraen- 
tal  hydrogen/oxygen  flame.  This  type  of  burner  produces  a 
flame  which  is  very  uniform  in  appearance.  The  burner  is 
mounted  on  a  translation  stage  which  can  be  moved  in  the 
vertical  direction  so  that  the  CARS  laser  beams  can  be 
varied  in  height  relative  to  the  burner  surface. 

Resonance  CARS  Results 

The  first  demonstration  of  resonant  CARS  in  OH  was 
obtained  with  w,  resonant  on  the  Pj(9)  line  of  the  1-0 
vlbronlc  band.  The  spectrum  is  shown  in  Fig.  13.  This 
type  of  spectrum  (a  scanned  CARS  spectrum)  is  obtained  by 
scanning  the  dye  laser,  while  recording  the  change  in 
intensity  of  the  uij  signal  falling  on  the  detector.  The 
region  of  the  spectrum  to  the  left  is  the  water  CARS  spec¬ 
trum  which  is  not  an  electronically  resonant  spectrum. 
However,  because  of  the  great  abundance  ot  water  vapor  in 
this  flame,  the  "normal"  CARS  spectrum  is  easily  observed. 
The  sharp  rise  occurring  around  2591  A  is  the  bandhead  of 
the  water  CARS  spectrum.  The  resonant  CARS  of  OH,  occur¬ 
ring  in  the  tail  of  the  water  CARS  spectrum,  has  its 
strongest  peak  at  2602  A  and  represents  a  case  where  w j 
has  not  been  precisely  tuned  to  the  center  of  resonance. 

In  contrast  the  resonant  CARS  spectrum  of  OH  with 
carefully  tuned  to  the  Qj(14)  line  (adjacent  to  the 
Pi(9))  is  shown  In  Fig.  14.  For  this  case,  the  wster 
CARS  spectrum  is  barely  discernible,  while  the  OH  lines  are 
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in  the  sense  that  the  outermost  lines  are  not  observed  In 
the  experiment,  because  of  the  limited  spectral  tuning 
range  of  tv 2*  The  spacing  between  these  components  is 
2B(2J  +1)  where  B  is  the  rotational  constant  for  OH, 
approximately  19  cm”  .  Hence,  for  high  J  values,  the  se¬ 
paration  can  be  several  hundred  wavenumbers  and  far  beyond 
the  tuning  range  of  a  single  laser  dye.  For  these  reasons, 
it  was  decided  to  move  tu^  toward  resonances  with  lower  J 
values,  namely,  Q^(4)  and  Qj(2).  Examples  of  resonant 
CARS  spectra  for  these  two  cases  are  shown  in  Figs.  15  and 
16  respectively.  As  may  be  seen,  the  scans  cover  a  reason¬ 
ably  wide  frequency  range,  in  excess  of  300  cm”  .  For 
the  case  of  the  Qj(4)  spectrum,  considerable  structure 
may  be  seen  to  the  left  of  the  water  CARS  bandhead.  These 
lines  have  not  yet  been  identified  as  positively  origina¬ 
ting  from  OH,  however.  For  the  Q^(2)  resonance  CARS, 
some  structure  is  observed  to  the  right  of  the  strong 
central  OH  resonant  CARS  band,  at  approximately  the  proper 
spacing.  This  structure  does  not  consist  of  a  single  line, 
but  also  exhibits  some  satellite  lines,  contrary  to  theo¬ 
retical  prediction. 

A  preliminary  exploration  of  saturation  was  made  by 
reducing  the  Intensity  of  the  uJj  beam  with  fused  silica 
flats  and  partially  reflecting  UV  mirrors.  The  maximum 
attenuation  so  obtained  was  a  factor  of  5.5.  In  order  to 
obtain  a  reasonable  signal  strength  at  this  level  of  atten¬ 
uation,  the  PMT  supply  voltage  was  increased.  The  results 
of  this  test  are  shown  in  Fig.  17.  Note  that  there  is  a 
considerable  change  in  the  shape  of  the  OH  spectrum  and  in 
the  number  of  lines.  Note  also  that  the  water  CARS  spect¬ 
rum  is  barely  discernible  in  the  attenuated  tv^  spectrum. 
The  Increased  gain  required  to  maintain  the  same  signal 
level  was  approximately  10;  because  the  CARS  signal  scales 
as  the  square  of  the  u>j  power,  a  reduction  of  about  30 
should  have  been  seen.  This  observation,  along  with  the 
change  in  shape  is  evidence  that  saturation  must  be  consi¬ 
dered.  A  more  thorough  study  is  called  for;  one  which  also 
Includes  attenuation  of  the  a;*  laser  beam  to  determine 
if  both  laser  beams  can  contribute  to  saturation  of  the 
resonant  CARS  process. 

Finally,  an  initial  study  of  the  sensitivity  of  the 
resonant  CARS  spectrum  to  changes  in  concentration  was  per¬ 
formed  by  changing  the  height  of  the  incident  CARS  laser 
beams  relative  to  the  height  of  the  burner  surface.  The 
results  are  shown  in  Fig.  18,  where  spectra  for  0.5  cm 
increments  are  displayed.  The  scans  shown  cover  just  the 
spectral  region  of  the  water  and  OH  CARS  bands.  Clearly, 
the  OH  concentration  decreases  as  the  CARS  beams  are  moved 
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Fig.  18  Variation  of  the  resonant 
CARS  spectrum  with  change  in 
laser  beaus  height  relative  to 
burner  surface. 
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Fig.  17  Change  in  the  resonant  CARS  spectrum  with  attenuation 
of  the  Uj  intensity. 


away  from  the  burner  surface;  at  the  same  time,  the  water 
concentration  appears  to  be  Increasing  slowly.  At  the  lar¬ 
gest  separation,  2  cm,  there  is  still  some  Indication  of 
OH,  as  a  modulation  on  the  background.  Future  studies  will 
Involve  a  detailed  calibration  of  the  concentrations  of 
both  OH  and  water  throughout  the  flame,  as  well  as  the  tem¬ 
perature  distribution,  so  that  resonant  CARS  as  a  quantita¬ 
tive  diagnostic  may  be  properly  assessed.  Saturation  may 
prove  to  be  a  problem  for  quantitative  measurements;  how¬ 
ever,  even  in  the  case  of  saturation,  It  may  be  possible  to 
construct  a  working  curve  of  concentration  vs  signal 
strength. 


Conclusions 

Electronically  resonant  CARS  of  the  OH  radical  has 
been  demonstrated  in  a  very  hot  methane/oxygen  flame.  The 
resonant  CARS  spectrum  was  generated  by  use  of  two  fre¬ 
quency-doubled,  pulsed,  narrowband  dye  lasers,  one  of  which 
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was  tuned  and  then  fixed  on  a  selected  OH  X-A  transition, 
while  the  other  other  was  scanned  over  the  appropriate 
range.  The  OH  resonant  CARS  signal  is  strong  compared  to 
the  water  CARS  spectrum,  even  though  water  is  much  more 
abundant  than  OH  In  the  flame.  Resonant  CARS  was  observed 
for  several  dtffere-t  electronic  resonances  and  was  quite 
sensitive.  :  p’  ci  tuning  of  the  cu ,  frequency.  The 
theory  of  resonant  CARS  in  the  OH  radical  has  been  treated 
and  the  predicted  appearance  of  OH  resonant  CARS  spectra 
presented.  Saturation,  for  which  there  is  some  experimen¬ 
tal  evidence,  has  not  been  Included  in  the  theory.  Agree¬ 
ment  between  theory  and  experiment  is  good,  except  for  the 
experimental  observation  of  satellite  structure  about  the 
central  lin<  .  'his  additional  structure  is  believed  to 
arise  from  collisional  redistribution  of  population  in  ro¬ 
tational  energy  levels  of  the  upper  electronic  state.  The 
variation  of  the  resonant  CARS  spectrum  as  a  function  of 
laser  beam  height  in  the  flame  was  observed  and  offers  pro¬ 
mise  that  resonant  CARS  may  be  applicable  to  quantitative 
measurements.  Future  studies  will  involve  refinement  of 
the  theory  to  include  saturation.  Further  experimental 
work  will  assess  the  feasibility  of  making  quantitative 
measurements  in  a  flame,  a  thorough  exploration  of  satura¬ 
tion  effects,  measurement  of  the  resonance  enhancement  fac¬ 
tor,  and  precise  spectral  line  positions.  Another  intere- 
sing  investigation  which  must  be  explored  is  that  of  pres¬ 
sure-induced  extra  resonances,  which  may  occur  in  four- 
wave  mixing  processes  such  as  CARS,  a  so-called  PIER-4 
process.18  Additionally,  triple  resonances  will  be 
searched  for,  if  a  theoretical  survey  suggests  that  promi¬ 
sing  possibilities  exist  in  OH. 
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